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ANNOTATION 

This  book  describes  modern  methods  for  the  hi('h->veloc- 
ity  deformation  of  metals  and  alloys  and  examines  the  eharac-  > 

teristics  of  the  deformation  mechanism  under  a  pulsed  lead 
application,  as  well  as  the  structural  characteristics  of  ^ 

strengthening  by  deformation.  The  book  is  intended  for  metal 
research  engineers  and  scientists  concerned  with  the  field  of  ) 

plastic  deformation  of  metals.  It  nay  also  be  useful  to  stu->  ! 

dents  preparing  for  work  in  the  field  of  '’Physics  of  Metals",  j 

128  figures,  32  tables,  and  273  bibliographic  entries. 
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FOREWORD 

High-velocity  deformation  of  metals  occupies  a  very 
important  place  in  contemoorary  progressive  technological 
processes.  The  first  patents  on  explosive  deformation  were 
obtained  more  than  seventy  years  ago,  but  it  has  only  been 
for  the  past  ten  to  fifteen  years  that  the  number  of  prod¬ 
ucts  manufactured  and  treated  by  the  methods  of  high-veloc¬ 
ity  deformation  has  grown  sharply. 

Technologists,  who  are  primarily  interested  in  prac¬ 
tical  utilization  of  the  process,  very  quickly  became  con¬ 
vinced  of  the  perceivable  successes  to  be  attained  by  using 
the  various  types  of  pulsed  operation  for  the  treatment  of 
metals.  The  punching  of  large-scale  parts  from  high-strength 
alloys.-  the  creation  of  new  composite  materials,  the  strength¬ 
ening  of  large  parts  of  complex  shape,  and  many  other  complex 
and  important  operations  became  possible  as  a  result  of  using 
the  energy  from  high-pressure  shock  waves. 

Unfortunately,  solution  to  the  essentially  important 
problems  in  metallography,  involving  study  of  the  mechanism 
of  high-velocity  deformation  and  the  properties  of  metals, 
obtained  as  a  result  of  the  effect  from  shock  waves,  is  still 
not  sufficiently  developed  to  permit  introduction  of  these 
methods  into  industrial  use. 

The  major  problem  obviously  involves  whether  it  is 
possible  to  combine  a  favorable  technological  process  with 
the  production  of  optimal  properties.  To  solve  this  partic¬ 
ular  problem  it  is  first  of  all  necessary  to  know  the  mech¬ 
anism  of  high-velocity  deformation.  It  is  important  to  study 
the  possibility  of  combining  high-velocity  deformation  with 
other  methods  used  for  the  strengthening  of  metals,  since  it 
is  these  complex  methods  of  treatment  primarily  that  permit 
assurance  of  the  best  results.  Finally  it  is  important  to 
limit  the  region  in  which  the  rue  of  high-velocity  treatment 
methods  is  rational. 
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The  attitude  of  researchers  and  practical  workers  to 
the  metallopraphic  aspects  of  hiph-velocity  deformation  has 
not  been  constant  e.-.p  for  the  brief  period  of  tine  in  which 
this  comparatively  younp,  branch  of  science  has  develi'ped. 

The  first  forecasts  pertaininp  to  the  possibility  of  obtain- 
inp  the  best  properties  by  shock  loadinp  sounded  optimistic. 

It  seemed  that  the  difference  in  the  structure  produced,  and 
in  particular,  in  the  deformation  strenpthenii.r  in  comparison 
with  quasi-static  deformation  v;ould  be  quite  larpe  and  could 
be  detected  with  the  "naked  eye".  However  these  forecasts 
were  P'-t  juwtified  and  the  first  results  were  found  to  be 
more  f'.^n  modes c.  And,  as  often  happens,  in  place  of  the  un¬ 
just  i.  f  i  optimism  a  certain  disappointment  came  to  pass. 

But  a*  M'.e  same  j  ..m?  these  disappointments  stimulated  more 
profoui',  fesc-srch,  av  i  result  of  vrhich  many  interesting  and 
import#-('t  charactp p.' f.tics  were  clscovered  for  the  behavior 
of  roetali-  during  f ph-velocity  deformation,  both  in  the  prac¬ 
tical  and  in  the  theoretical  sense. 

At  the  present  time  investigations  involvinp  hlph- 
velocity  d'. ^'ormation  are  beinp  conducted  in  many  directions. 
Almost  all  metals  and  alloys  of  practical  interest  have  been 
tested  under  conditions  of  hiph-velocity  loadinp.  It  is  true 
that  these  results  do  not  alv;ays  find  the  necesr^ary  explana¬ 
tion.  The  data  obtained  have  been  successfully  generalized 
to  an  even  lesser  depree.  V/ithout  pretending  by  any  means 
to  an  exhaustive  list  of  the  various  directions,  we  assume 
that  the  major  ones  may  be  those  shown  on  the  diapram  given 
in  the  ro-?EWORD. 

Each  of  the  questions  outlined  on  the  diagram  undoubt¬ 
edly  contain  several  independent  significant  problems.  Tor 
example,  study  of  gliding  during  high-velocity  deformation 
must  answer  questions  concerning  change  in  the  number  of  ef¬ 
fective  glide  systems,  the  possibility  of  non-octahedral 
gliding  under  the  effect  of  high-nressure  shock  waves  in  face- 
centered  cubic  crystals,  etcetera. 

It  is  also  impossible  to  examine  the  various  sides  of 
the  behavior  of  metals  during  high-velocity  deformation  inde¬ 
pendently.  The  mechanical  properties,  produced  in  components 
after  high-velocity  deformation,  are  determined  by  the  forming 
microstructuro  which  in  turn  depends  on  the  deformation  mecha¬ 
nism. 


This  book  does  not  even  encompass  all  those  questions 
shown  on  the  diagram.  The  main  emphasis  is  on  examination  of 
the  deformation  mechanism  and  strengthening,  formation  of  the 
structure  of  metals,  and  the  mechanical  properties  under  con¬ 
ditions  of  high-velocity  loading.  (Chanters  2  -  4),  r.overal  re- 
lited  questions  to  a  greater  or  lesser  degree  have  found  rcflec- 
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tion  on  the  pa^es  of  this  book.  Chapter  5  is..^oncerned  v/ith 
the  phase  transition  under  conditions  of  hiph-velocity  deform¬ 
ation. 


The  netalloRraphic  asnect  predominates  in  Chapters  2-5, 
These  chapters  are  preceded  by  Chapter  1  where  a  description 
is  Riven  of  several  methods  for  hiph-velocity  deformation. 

This  description  does  not  entirely  encompass  the  technolori- 
cal  side  of  the  processes  but  pives  some  idea  to  the  reader 
of  those  parameters  that  influence  the  properties  of  the 
treated  materials. 

Sections  2-6  in  Chapter  2  and  Chapter  5  were  written 
by  O.A,  Kaybyshev,  the  remainder  of  th<»  book  was  written  by 
G.N.  Kpshteyn. 

The  authors  wish  to  express  their  appreciation  to  Pro¬ 
fessor  Doctor  of  Technical  Sciences  K.L.  Bernshteyn,  Candi¬ 
date  of  Technical  Sciences  R.L.  Novobratskiy ,  Professor  Doc¬ 
tor  of  Technical  Sciences  V.ll.  Rozenberp,  Professor  Doctor 
of  Technical  Sciences  Yu, A.  Skakov,  and  to  the  reviewer  Pro¬ 
fessor  Doctor  of  Technical  Sciences  V.M.  Finkel*  for  his  use¬ 
ful  comments,  which  he  made  in  discussinp  the  manuscript. 
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CHAPTER  1 

MODERN  METHODS  OF  HIGH-VELOCITY  DEFORMATION 


In  this  chapter  we  examine  a  limited  number  of  ques¬ 
tions  involved  with  the  methods  of  hi{^h-veloeity  deformation. 

As  concerns  the  problems  discussed  in  this  book,  these  are 
first  of  all  the  parameters  that  determine  the  structure  of 
the  metal  in  the  process  of  high-velocity  loading:  the  de¬ 
formation  rate,  the  amount  of  pressure  developed,  and  the 
temperature  of  the  most  widely-used  processes. 

It  is  fully  possible  that  such  an  approach  may  be  ob¬ 
jected  to  since  the  quite  complex  interaction  of  shock  waves 
with  metals  is  of  course  not  exhausted  by  these  characteris¬ 
tics.  However  the  greatest  amount  of  experimental  material 
on  the  influence  of  a  pulsed  load  on  the  structure  and  proper¬ 
ties  of  metals  has  been  compiled  mainly  with  respect  to  these 
parameters. 

1.  Interaction  of  Shock  Haves  With  Metals 

No  matter  what  means  is  employed  for  formation  of  the 
high-pressure  front  (detonation  of  explosives  in  contact  with 
the  deformed  material  or  separated  by  some  medium,  by  collis¬ 
ion  of  the  sample  with  a  rapidly  flying  object,  by  a  short 
magnetic  pulse  or  by  pulsed  discharge  of  a  battery  array), 
certain  general  premises  allow  us  to  place  all  methods  of  high- 
velocity  deformation  into  a  single  series,  where  the  differ¬ 
ence  of  one  msthod  from  another  will  only  be  a  quantitative 
one. 

High-velocity  (or  as  it  is  often  called,  pulsed)  de¬ 
formation  is  a  result  of  the  extremely  rapid  propagation  of 
a  pressure  front,  the  amplitude  of  which  may  exceed  the  yield 
stress  of  the  material  by  tens  and  even  hundreds  of  times. 

Since  the  individual  displacements  (deformation)  in  the  solid 
state  are  assumed  to  be  small,  we  than  speak  of  the  propagation 
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of  olastic  oscillations  or  waves  in  a  solid  [1].  In  invest!" 
gating  the  state  of  metals  and  alloys  acted  on  by  shock  waves 
with  a  pressure  up  to  hundreds  of  kilobars,  as  the  basic  par- 
ameters  that  characterize  the  state  of  the  thermodynamic  equi> 
librium,  we  take  the  pressure  P,  the  change  in  volume  /iV,  and 
the  change  in  intrinsic  energy  AC*  But  since  the  expanse  of 
the  pressure  front  is  very  small,  it  is  necessary  that  the 
thermodynamic  equilibrium  be  established  for  a  time  of  about 
•  7  *6 

10  to  10  seconds,  this  being  determined  by  the  processes 
taking  place  in  a  compressed  sample*  However,  we  can  never 
state  that  this  time  in  all  cases  is  sufficient  for  establish* 
ment  of  equilibrium,  and  this  then  leads  to  a  disruption  in 
the  usually  accepted  relationships  between  these  quantities. 

The  second  assumption  is  that  the  compression  acted 
on  by  a  shock  wave,  with  a  pressure  P__„»  will  be  the  same 

insx 

as  under  hydrostatic  stress  of  the  same  magnitude.  This  con* 
dltion  can  not  he  satisfied  with  sufficient  accuracy  since 
first  of  all  the  relaxation  processes  also  take  place  in  time 
and  furthermore,  under  the  influence  of  hydrostatic  stress, 
the  stressed  state  is  near  the  hydrostatic  stress,  and  under 
the  influence  of  the  shock  wave  it  may  differ  greatly  from 
the  hydrostatic  stress  and  even  correspond  to  uniaxial  stress. 


Figure  1.  Pressure  distribution  during  the  direct  contact 
of  an  explosive  with  a  metal  1  and  during  the  collision  of 
metal  with  a  flying  plate  2.  The  arrows  show  the  direction 
of  movement  of  the  shock  wave  front. 

1.  Distance  from  contact  surface 


From  Figure  1  it  is  clear  that  the  front  of  the  shock 
wave  is  terminated  very  abruptly.  The  netal  placed  before 
this  front  is  still  found  in  the  original  state, and  the  metal 
located  behind  the  line  of  pressure  termination  undergoes 
stress  at  pressure  P.  The  amplitude  of  the  shock  wave  varies 
with  time.  If  at  some  moment  of  time  t^^  (Figure  2)  at  a  given 

point  the  pressure  reaches  then  at  the  moment  t^  it 

drops  to  P  following  the  law 
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Pt  =  P  €~*^ 

^ m»»«  • 


where  is  the  pressure  throuf^h  the  time  interval  t  after 


reaching 


P_  is  the  maximal  peak  pressure  at  a  riven 
inax 


distance  from  the  site  of  the  explosion}  0  is  a  tine  constant 
that  depends  on  type  and  mass  of  the  charge,  as  well  as  on 
its  placement. 


(1) 

PaecmoMHue  $m 


VnottputocmumaiHik 

A 
y  r 


(1) 

PpcemppHuepm 
nePepMHoemu  Mumterntt 


A 


PM*U*Pt 


Figure  2.  Amount  of  pressure  at  point  x  at  moment  of  time  t, 
corresponding  to  maximal  amplitude,  and  at  moment  tt  t.  The 
wave  front  shifted  by  An  «  u  X  At. 

1.  Distance  from  contact  surface 


The  intensity  in  pressure  drop,  i.e*,  the  difference 

between  P  and  P^  after  some  predetermined  tine  interval  t, 
nax  X 

will  depend  on  the  value  of  0. 

The  effect  of  an  elastic  wave  may  in  fact  be  treated 
as  the  propagation  of  two  independent  waves.  In  one  of  them 
the  displacement  of  particles  of  the  material  is  directed 
along  the  propagation  of  the  wave  itself.  Such  a  wave  is 
called  longitudinal  and  is  propagated  at  a  velocity  of  e|. 
This  wave  involves  change  in  volume,  which  takes  place  during 
the  interaction  between  metal  and  shock  waves.  Here  the 
normal  stress  along  the  shock  wave  will  bet 

a  *  pfiWt 


where  Q  is  the  density  of  the  material;  u  is  the  displacement 
rate  of  the  particles  of  the  material  acted  on  by  the  shock 
wave. 


The  second  wave  is  a  transverse  one*  The  disnlace* 
ment  here  lies  in  the  plane  pernendicular  to  the  direction 
of  propagation  of  this  wave,  and  the  rate  of  its  pronapation 
c^  is  approximately  two  to  three  times  smaller  than  e£.  Tra¬ 
vel  of  the  transverse  waves  leads  to  the  formation  of  tanpen- 
tial  stresses  If,  producinp  a  relative  shift  in  the  individual 
masses  of  the  metal: 

The  methods  of  hip.h-veloeity  deformation  are  actually 
distinguished  by  the  velocity  u  which  they  impart  to  the  par¬ 
ticles  of  the  metal*  Table  1  shows  the  values  of  the  tangen¬ 
tial  and  normal  stresses  for  different  metals  at  a  1  m/sec 
displacement  rate  of  the  particles. 


Table  1.  Stresses  Arising  in  Different  Metals  at  a  Particle 
Displacement  Rate  of  1  m/sec 


MarepNM 


:?)  0. 
Mnlm* 
tKr/tu^t 


(2)  AnioMMitiilt  17,1  (1.74) 
(  3  )  ,n*T>'Mk  36.4  (3.71) 

MfAb  40.4(4,12) 


W" 

(xr/MM*) 

t.  (8 
Mm/m* 
{Kr/MM*) 

9.3  (0.95) 
17.2  (1,76) 
20.0  (2.04) 

Ctmi. 

(6) 

•24,4  (2,49) 
:45.1»(4.C) 

8.8  (0.9) 
24.2  (2,47) 

1*  Material 
2*  Aluminum 

3.  Brass 

4.  Copper 


5*  Lead 

6.  Steel 

7,  (T,  nn/m2(}cpf/mm2) 

8*  2r,  nn/m20cpf /mm2) 


The  travel  rate  of  the  shock  wave  front  U  and  the  par¬ 
ticle  displacement  rate  u  differ  significantly  from  one  ano¬ 
ther.  The  state  of  the  metal  before  the  shock  wave  front  is 
characterized  by  the  pressure  and  the  specific  volume  v^, 

but  directly  behind  the  front  this  will  be  P  and  v,  respect¬ 
ively. 

Change  in  the  state  of  the  metal  in  the  process  of  the 
shock  wave  influence  on  it  may  be  characterized  by  the  curve 
in  the  coordinates  P-v  (Figure  3).  Each  of  the  points  on  the 
curve  OA  characterizes  tbs  state  of  the  metal  for  some  value 
of  U  and  u.  For  a  uniform  material,  not  undergoing  transi¬ 
tions  associated  with  change  in  the  specific  volume,  the 
curve  has  a  continuous  character*  If  phase  transitions  take 
place  in  the  metal  in  the  pressure  range  up  to  P_.  then  the 

InaX 
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j 

I  curve  has  a  break,  but  within  the  state  of  each  phase  it 

I  continuous* 


is 


» . 


rigure  3.  P-V-diagram  of  shock  stress:  Pjj  is  the  impact  adi¬ 
abatic  curve  of  Hugoniot^  *’t-0  curve  of  "cold”  contrac¬ 

tion  at  ^  s  0®  K. 


Table  2,  Evaluation  of  Temperature  Produced  bv  a  Shock  Wave 
in  the  Deformation  of  Various  Itetals  [3] 


A«I<A«NNC. 

I  OriinriiTojiMine 
•  1  Hiumu  ••••«  ' 

(  2  )  If  a  ^  »/p. 

f,.  ‘C 

( 7.1  . 

too 

i  4  )Cniiticu 
(  5  )Ak‘Ai> 

( 6  )BcMu|)paH 

0.805 

0.940 

0,970 

231 

61 

35 

200 

(  U  iCSHHCU 
(  5  menu 
(  6  )Bo.it4p«¥ 

0.790 

0.897 

0,944 

628 

118 

50 

500 

[  ^Caiiiicu 
(  5  )iMeab 
(6)B«vh4P«« 

0,093 

0,814 

0,882 

2450 

446 

199 

1000 

(  4  )CoiiiiCK 
(  e  vMcflb 

:  'Ba.ii4paM 
JLbJ - - - 

0,819 

0,737 

0,812 

8990 

1480 

761 

£ 

J 


/ 

i 


j 

f 

! 


1.  Pressure,  kbar  4. 

2.  Metal  5, 

3*  Relative  change  in  volume,  6. 

v/Vq  7. 

The  total  increase  in  intrinsic  energy  E  during  the 
process  is  characterized  by  the  region  bouiided  by  the  curve 
OA  [2].  Part  of  this  energ.y  AE  ,  bounded  by  the  curve  of 


Lead 

Copner 

Tungsten 
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cold  contraction  Is  the  elastic  component  and  is  not 

associated  with  the  change  in  temperature  of  the  metal*  The 
difference  dX^bX^^  characterizes  the  heat  enerr.y  of  the  pro¬ 
cess  and  is  expended  in  heating  the  metal  under  conditions 
of  adiabatic  contraction.  The  amount  of  this  energy  grows 
strongly  with  increase  in  P_-„»  thus  making  it  difficult  to 

compare  temperature  conditions  of  the  various  processes  which 
differ  by  the  amount  of  the  maximally  attainable  pressure. 

But  even  at  one  and  the  same  pressure,  the  temperature  of 
the  process  will  depend  on  the  metal  found  under  conditions 
of  adiabatic  contraction.  Table  2  shows  values  of  the  temp¬ 
erature  developing  in  various  metals  under  conditions  of  adi¬ 
abatic  contraction  acted  on  by  a  shock  wave.  The  temperature 
was  commuted  from  the  Hugionot  curve  [33.  A  pressure  of  100- 
200  kbar,  which  has  a  catastrophic  effect  on  lead,  produces 
comoletely  moderate  heating  of  tungsten  and  copper.  However, 
for  the  structural  investigations  it  is  almost  always  not  the 
temperature  t  ,  found  by  computation,  that  is  the  more  sig¬ 
nificant  one  and  is  retained  in  the  metal  for  a  period  of 
several  microseconds,  but  rather  it  is  the  temperature  of 
the  metal  t^  directly  after  unloading  at  atmospheric  pres¬ 
sure*  The  difference  between  these  temperatures  is  quite 
substantial,  especially  at  a  pressure  greater  than  100-200 
kbar  (Table  3).  This  temperature  may  exert  a  great  influence 
on  the  structure  of  the  metal.  According  to  the  data  of  the 
authors  in  reference  [3],  a  sample  of  iron  after  impact  at  a 
pressure  of  750  kbar  cools  to  room  temperature  in  about  five 
minutes. 


Table  3.  Temperature  of  Iron  Under  Conditions  of  Adiabatic 

Contraction  (t  )  and  After  Unloading  (t.)  C33 
n  u 


gtaX.NNC, 

1  ^  \ 

VC 

r 

<*.  *0 

;iaa.'ifnHe. 

K-'iap 

(2i_ 

»C 

130 

- 

GO 

30 

500 

553 

250 

350 

3'iO 

ISO 

750 

1053 

400 

1.  Pressure,  kbar;  2.  t^, 

According  to  Karman  and  Taylor  there  must  be  a  criti¬ 
cal  rate  of  impact  by  the  attainment  of  which  the  con¬ 

tact  surface  receiving  the  impact  is  fractured: 


i 

I 

i 

I 


.t 


(4) 


Where  t  is  the  degree  of  instantaneous  deformation;  is 

the  degree  of  deformation  corresponding  to  the  yield  stress; 
d7/d£  is  the  slope  of  the  curve  under  static  tension. 

If  we  substitute  the  value  U  into  formula  (2),  we  can 

CT 

then  determine  the  amount  of  normal  pressure  of  the  shock  wave 

at  which  surface  fracturing  or  partial  cracking  of  the  body 

receiving  the  shock  must  take  place  at  a  velocity  greater 

than  or  equal  to  _ . 

cr 

To  evaluate  the  deformation  velocity  we  usually  employ 
either  the  absolute  rate  of  movement  of  the  sample  v  or  the 
relative  deformation  velocity  which  additionally  depends 
on  the  length  or  thickness  of  the  sample  in  the  direction  of 
the  effective  force.  This  characteristic  has  great  signifi¬ 
cance  not  only  for  comparing  the  properties  obtained  by  dif¬ 
ferent  methods  of  deformation  and  differing  in  velocity  by 
several  orders  of  magnitude,  but  also  for  standard  mechani¬ 
cal  tests. 

The  concept  of  deformation  velocity  is  easiest  to  in¬ 
troduce  after  looking  at  uniaxial  tension.  The  linear  defor¬ 
mation  velocity  i  is  defined  as 


r.  de  d(l-U)  I  dl  0 

41  —  4t  —  u'  dt  ~  I,'  (5) 


where  Zq  i>  the  initial  length  of  the  stretched  sample;  ^  is 
the  length  of  the  sample  after  the  time  t,  v  is  the  rate  of 
movement  of  the  sample  determined  by  the  tension  at  the  dis¬ 
placement  velocity  of  the  test  machine  clamps. 

This  equation  is  valid  only  as  long  as  no  local  de¬ 
formation  develops  during  stretching,  that  is,  as  long  as 
no  neck  is  formed.  If  we  evaluate  the  true  amount  of  defor¬ 
mation  in  this  case,  the  relative  deformation  rate  will  be: 

:  *  rfln  (W.)  I  «  V 

To  retain  the  constant  true  relative  deformation  ve¬ 
locity  when  the  displacement  velocity  is  increased,  it  is 
necessary  to  increase  the  length  of  the  sample. 
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The  relationship  between  the  relative  true  and  the  lln* 
ear  deformation  velocities  can  be  found  from  the  two  previous 
equations  t 


1  V  It  dl  I  dr  e 

*  =  T “  ~*ir  “  T+7 ‘IT “  T+7- 

In  analogy  with  equation  (6),  for  contraction  the  rel> 
ative  deformation  velocity  will  be 


•  1  <n  V  -1 

*“x-ar“x  ««c  , 


(7) 


where  h  is  the  amount  of  the  displacement;  for  thin  sheets  of 
billets  it  is  commensurate  with  the  thickness;  for  thick  ones 
it  corresponds  to  the  layer  of  the  shock  wave  effect. 

The  quantity  4  convenient  to  use  for  studying  nulsed 
deformation.  However  it  can  be  reliably  determined  only  if 
the  deformation  diagram  and  the  direction  of  the  deforming 
stress  is  known  and  if  it  is  possible  to  estimate  h. 

Many  papers  have  mentioned  the  dependence  of  yield 
stress  and  other  strength  characteristics  on  velocity,  which 
has  made  it  necessary  to  establish  the  conditions  for  meas* 
uring  them  during  static,  or  more  precisely,  quasi>static 
tests.  In  the  standard  quasi-static  tests  it  has  been  as¬ 
sumed  that  the  rate  of  movement  of  a  sample,  or  the  displace¬ 
ment  rate  of  the  clamps  must  not  exceed  4  mm/min. 

However,  such  a  formal  approach  is  inapplicable  for 
distinguishing  dynamic  deformation  from  quasi-static. 

Chapter  4  will  show  that  the  deformation  velocity  at 
which  the  yield  stress  is  sharply  increased,  and  which  is  dif¬ 
ferent  for  the  various  materials  and  even  for  one  and  the 
same  material,  depends  on  its  microstructure.  So  this  is 
the  threshold  of  deformation  above,  which  a  sharp  increase  be¬ 
gins  in  the  yield  stress  of  a  given  material  and  serves  as 
the  boundary  between  the  quasi-static  and  dynamic  deformations. 

Table  4  gives  the  deformation  velocit.*  ->0  during  differ¬ 
ent  loading  procedures.  In  the  traditional  methods  of  treat¬ 
ing  metals  with  pressure  such  as  the  drawing  of  a  wire,  and 
the  rolling  of  thin  sheets,  the  relative  deformation  velocity 

may  reach  about  10  to  10  sec  •  But  these  methods  differ 
from  the  high-velocity  deformation  in  that  the  h'gh  deforma¬ 
tion  velocity  here  is  reached  by  localizing  the  c.  {formation 
in  a  small  volume,  and  not  by  increasing  the  velocity  of  sample 
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displacement.  Here  such  processes  as  rolling  and  drawing 
should  be  treated  as  stable  or  quasi-static  processes,  whereas 
in  a  pulsed  treatment  we  are  concerned  with  the  propagation 
of  a  stress  wave  over  the  volume. 


Table  4.  Typical  Oeformation  Rates  for  Various  Processes  of 
Treating  Metals 


( 1 )  npoutec 

Atfeo/imiiia 
exopocTii  nt^p- 

H«4KN  », 

.  ■«/<« 

10) 

nepaxsx  sMM* 

INNU  1,  M 

OTHocMTeakiiaa 

CKOpOCTb 

AC^PHOUHH  a. 

)  Hcnuraimc  iia  pacrawtiiHe 

0,00001-0,01 

0,03 

/  ripoTflMKa  Tpyfi  .... 

0,05-0.5 

0,01 

5-50 

)  rayfioxaii  BuraMCica  axcra 

0,05-1 

0,01 

5—100 

/  /iHcroua  npoKarxa  .  . 

0,25-25 

0,001 

250-23  000 

)  Koaxa  xa  Moaorax  .  .  . 

2,5-10 

0,1 

25-100 

1  McnuTaiiHC  iia  xonpe  .  . 

0 

0,01 

6*1(P 

1  ripoTxxcxa  tohxoA  npoBO* 
aoxH  . 

5-40 

0,0001 

S.10«— 4>10* 

MMnyaMuaa  A<!({iopMauHa 

30-150 

0,001 

3*10*-1,5*10» 

1. 

Process 

7. 

Ram  impact  machine  test 

2. 

Tensile  test 

8. 

Drawing  of  a  fine  wire 

3. 

Drawing  of  pipes 

9. 

Pulsed  deformation 

4. 

Deep-seated  drawing  of 

10. 

Absolute  deformation  velocity 

a  sheet 

V,  m/sec 

S. 

Sheet  rolling 

11. 

Order  of  magnitude  of  m 

6. 

Hammer  forging 

12. 

Relative  deformation  velocity 
1. 

sec“ 


Of  the  other  factors  associated  with  the  formation  of 
a  structure  in  the  process  of  high-velocity  deformation,  we 
should  mention  the  directionality  of  the  shock  wave  with  re¬ 
spect  to  the  surface  of  the  sample.  Ferbrak  showed  that  the 
structure  of  iron  will  depend  on  whether  it  was  formed  under 
the  effect  of  a  plane  incident  wave  or  under  the  effect  of 
an  unloading  wave.  The  influence  of  directionality  and  struc¬ 
ture  of  the  shock  wave  has  been  studied  in  greater  detail  in 
the  book  by  Pashkov  and  Gelunova  t43. 

2.  Deformation  by  Explosion  Through  a  Transmitting  Medium 

The  first  patents  on  using  explosives  for  the  deforma¬ 
tion  of  metals  were  issued  in  England  and  in  the  USA  in  1897 
and  1901.  However,  only  several  decades  later  when  the  prob¬ 
lems  of  utilizing  high-strength  low-plastic  materials  were 
posed  to  machine  builders  did  this  method  receive  broad  rec¬ 
ognition.  By  increasing  the  strength  of  the  charge  its  pos¬ 
sibilities  are  practically  unlimited,  this  being  especially 
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important  for  punching;  larne-scale  finished  parts.  Tor  exam¬ 
ple,  the  Japanese  firm  Japan  Steel  Works  f&J  prepared  spheri¬ 
cal  {^as  containers,  1.6  m  in  diameter,  from  a  1.58-nn  thick 
steel  having  a  yield  stress  of  500-600  Mn/m2<50-60  k^f/mm^). 


Figure  4.  Diagram  of  explosive  deformation  of  a  sheet  billet 
through  a  transmitting  medium. 


Explosive  deformation  and  several  metallographic  as¬ 
pects  of  this  process  have  been  described  in  detail  in  a  mon¬ 
ograph  by  Reichardt  and  Pierson  [6].  One  of  the  diagrams  of 
explosive  deformation  is  shown  on  Figure  4.  The  sheet  bil¬ 
let  1  is  placed  between  the  matrices  2  with  a  spring  3.  Dur¬ 
ing  explosion  of  the  charge  4,  having  a  mass  n  and  Placed 
above  the  billet  at  a  height  R,  a  detonation  wave  is  first 
formed  that  is  propagated  over  the  volume  of  the  charge  at 
a  velocity  from  3000  to  7000  m/sec  depending  on  the  type  of 
explosive  used.  This  velocity  determines  the  amount  of  the 
peak  pressure.  At  the  moment  the  detonation  wave  enters  the 
charge-water  boundary,  i.e.,  at  that  moment  when  all  the 
charge  in  transformed  into  gas,  being  under  a  high  pressure, 
an  operational  (shock)  wave  forms  that  is  transmitted  through 
the  medium  filling  the  reservoir  5,  toward  the  billet.  The 
rate  of  propagation  of  the  shock  wave  in  the  liquid  is  sig¬ 
nificantly  greater  than  the  rate  of  notion  of  a  compressed 
gas.  This  rate  is  in  fact  determined  by  the  rate  of  propa¬ 
gation  of  sound  in  the  liquid,  i.e.,  by  the  rate  at  which 
any  abrupt  change  in  pressure  is  transmitted  from  one  part 
of  the  liquid  to  another.  The  rate  of  propagation  of  sound 
in  water  (this  medium  is  most  often  used  for  explosive  defor¬ 
mation)  is  1460  m/sec. 

If  no  special  measures  are  taken  (setting  up  a  shaping 
matrix),  then  following  the  explosion  the  component  has  the 
shape  of  a  bowl  with  the  bending  magnitude  h. 
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Table  5.  Parameters  of  the  Explosive  Deformation  Modes 


1.  Mode  number  4. 

2.  G,  R  5 

3.  MaRnitude  of  pulse,  IQs  g* 

n«see/m2(kRf .sec/cm2)  * 


max* 


kbar 


Steel  with  0.28%  C 


OT-4  alloy 


In  studying  the  explosive  method  of  deformation  we 
should  distinguish  the  two  groups  of  parameters  of  the  pro* 
cess.  The  first  group  includes  t'te  technological  parame¬ 
ters  associated  with  dimensions  and  shape  of  the  component, 
required  depth  of  drawing,  and  number  of  successive  transi¬ 
tions;  here  the  type  and  mass  of  the  explosive,  the  height 
of  the  placement  of  the  charge  above  the  billet,  the  trans¬ 
mitting  medium,  the  size  of  the  container,  etcetera,  are 
all  varied*  However,  of  themselves  the  parameters  do  not 
influence  the  deformation  mechanism  and  the  character  of 
the  strengthening.  In  reference  [7]  the  deformation  of 
sheet  billets  was  done  with  various  groups  of  placement  and 
mass  of  the  charge,  but  chosen  such  that  the  magnitude  of 
the  pulse  and  the  pressure  had  practically  identical  values 
(Table  5).  Testing  of  samples,  cut  from  deformed  components, 
showed  that  by  retaining  the  magnitude  of  the  pulse  and  the 
peak  pressure  the  mechanical  properties  are  found  to  be  at  a 
single  level  (Table  6).  Only  zonal  stresses,  measured  in  the 
center  of  the  half-sphere,  drop  with  increase  in  the  height 
of  the  charge  placement  (Figure  5).  The  influence  of  the 
technological  parameters  on  the  results  of  explosive  deforma¬ 
tion  has  been  studied  in  detail  in  special  naners  [8-10]. 
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Table  6.  Mechanical  Properties  of  a  Metal  After  Deformation 


HOMtp  pCWNHt 


«( 

M.  <2) 

4 

r*.  (  3  ) 

Mh/m* 

MHiM* 

% 

CmaAb  e 

o.2a%c 

(4) 

698 

(71.3) 

748 

(76.3) 

9,4 

698 

(71.3) 

764 

78.0) 

10,1 

704 

(71.8) 

787 

(80,4) 

9.6 

715 

(73.0) 

770 

(79.2) 

9.8 

732 

(74.7) 

789 

(80.5) 

8,7 

710 

(72.5) 

781 

(79.8) 

10,0 

CnAM 

OT-4 

(5) 

810 

(82.6) 

932 

(95,3) 

7,6 

765 

773 

(78.0) 

(78.9) 

831 

900 

liilS) 

8,0 

7,2 

819 

(83,6) 

891 

(91,0) 

6,4 

735 

(75.0) 

825 

(84.3) 

8.0 

1«  Mode  number 

2,  ^0  2* 

3»  “Tk*  Mn/m2(kfif/inm2) 


4.  Steel  with  0.28%  C 

5,  OT-4  alloy 


The  second  gi^oup  of  parameters  which  permit  evaluating 
the  physical  characteristics  of  the  process  include  the  amount 
of  pressure  (or  pulse)  of  the  shock  wave*  the  defo'^mation  ve¬ 
locity  (duration  of  the  process),  and  the  temperature.  Change 
in  the  pressure  in  time  is  described  by  e<(iuation  (1),  which  is 
valid  only  in  the  initial  period,  until  P  ^0.3  P  [10].  In 

turn,  the  peak  pressure  along  the  shock  wave  front  during  de¬ 
tonation  of  the  explosive  can  be  determined  from  the  formula 


where  G  is  the  mass  of  the  charge,  kg;  R  is  the  distance  from 
the  center  of  the  charge  to  the  point  where  the  pressure  is 
measured  (in  this  case  the  height  of  placing  the  charge  above 
the  billet),  m;  K,  o(  are  coefficients  which  depend  on  the  prop* 
parties  of  the  explosive  and  the  transmitting  medium;  with  the 
detonation  of  TNT  in  water,  K  «  533,  and  a(  s  1/3, 

Small  charges  with  a  mass  of  several  tens  of  grams  cre¬ 
ate  a  pressure  along  the  shock  wave  front  of  several  kilobars, 
and  powerful  charges  with  a  mass  up  to  3  kg  create  a  pressure 
up  to  about  50  kbar. 
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During  detonation*  in  addition  to  the  basic  shock 

wave*  secondary  and  reflected  waves  arise*  however  the  nag- 

nitude  of  their  pressure  does  not  exceed  (0.1«0.2)P  .[9'J. 

max 

Experimental  measurements  showed  that  the  rate  of  dis¬ 
placement  of  the  billet  during  detonation  is  200-300  m/sec 
[11].  If  the  sheet  billet  has  a  thickness  of  1  mm*  then  the 
relative  rate  of  deformation  £  *  (2-3). 105  sec-l.  The  rate 
of  propagation  of  the  high-pressure  front  here  is  near  the 
speed  of  sound.  t 


Figure  5.  Change  in  zoneal  stresses  (  ^)  in  medium-carbon 
steel  (1)  and  the  OT-4  alloy  (2)  as  a  function  of  height  of 
placing  the  charge  with  a  constant  pulse  magnitude. 

1.  CT.  *  Mn/m^(kgf/mm^) 


The  greatest  complexity  is  represented  by  evaluating 
the  temperature  during  explosive  deformation.  This  is  ex¬ 
plained  on  the  one  hand  by  the  purely  experimental  problems 
and  on  the  other  by  the  sharp  dependence  of  temperature  on 
deformation  mode*  which  makes  it  practically  impossible  to 
"evaluate  the  temperature  by  analogy".  Several  methods  of 
determining  the  temperature  have  been  described  in  the  re¬ 
view  article  [12].  As  a  rule  the  experimental  and  computa¬ 
tional  methods  permit  only  indirectly  establishing  the  temp¬ 
erature  region  for  the  deformation.  In  reference  [10]  the 
temperature  of  the  sample  under  a  dynamic  load  at  a  deform¬ 
ation  velocity  of  about  10  sec"!  was  measured  by  a  low- 
inertia  thermocouple.  In  deforming  the  sample*  prior  to 
fracture  the  temperature  was  raised  to  100^  C. 

Below  we  shall  attempt  to  evaluate  the  temperature  of 
a  sample  during  hydroexplosive  loading*  based  on  the  follow¬ 
ing  premises. 

i 

The  sources  for  elevating  the  temperature  may  be: 
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(1)  Plastic  dafomation  of  the  metal; 

(2)  The  effect  of  hip.h  pressure  on  the  metal  and  the 
change  in  volume  associated  with  it; 

(3)  Heating  under  the  effect  of  light  radiation; 

(4)  The  direct  interaction  of  combustion  products 
with  the  billet. 

The  interaction  of  combustion  products  and  light  radia¬ 
tion  can  not  have  independent  significance  during  explosive 
deformation.  He  can  judge  as  to  the  influence  of  high  pres¬ 
sure  on  the  basis  of  reference  [2]  in  which  contact  detona¬ 
tion  was  carried  out  on  nickel.  It  was  shown  that  at  a 
pressure  of  100  kbar,  when  the  relative  change  in  volume  was 
0.954,  the  temperature  did  not  exceed  321'*  K.  But  with  fur¬ 
ther  increase  in  pressure  up  to  500  and  1000  kbar,  the  temp¬ 
erature  grew,  respectively «  up  to  550  and  1100®  K.  Conse¬ 
quently,  with  explosive  deformation  through  a  transmitting 
medium  where  the  pressure  comprises  a  maximum  of  tens  of  kilo- 
bars,  this  source  of  h'^at  also  can  not  be  attributed  to  the 
elevation  in  temperature  that  is  essential  for  structural 
changes.  Then  there  remains  only  to  evaluate  the  increase 
in  temperature  associated  with  the  plastic  deformation  itself 
of  the  metal. 

Eliminating  such  extraneous  factors  as  heating  of  the 
water,  scattering  of  the  energy  flux  (which  may  only  lower 
the  temperature  of  the  billet),  we  assume  that  the  energy 
flux  of  the  detonation  pu.' se  through  unit  of  surface,  ar¬ 
ranged  normal  to  the  dir*  ;ion  of  wave  propagation,  will  be 
equal  to: 


where  is  the  energy  required  for  deformation  of  the  com¬ 
ponent;  Eq  is  the  energy  going  into  heating  of  the  billet. 

In  reference  CIO]  it  was  given  that  E  is  equal  to: 

where  c  ann  'S  are  constants;  for  TNT  they  are  equal,  respect¬ 
ively,  to  x''-.'J43  and  2.05. 

The  energy  flux  of  the  detonation  pulse  per  unit  of 
surface  is  expressed  as 


E  =  2-^. 


(11) 


The  energy  of  deformation  during  the  drawing  of  a 
sheet  billet  with  rigidly  restrained  flanges  will  be 

(1.) 

where  h  is  the  maximal  bending  (see  Figure  4);  S  is  the 
thickness  of  the  sheet;  r^  is  the  radius  of  the  billet;  B 

and  0(  are  coefficients  which  depend  on  the  material;  .or  low- 

2 

carbon  steel  they  are  equal,  respectively,  to  590  Mn/t..  (about 
59  kgf/mm^)  and  0.23  [9]. 

From  formulas  (9),  (11),  and  (12)  we  find  that  the 
energy  going  into  heating  of  the  component  is  equal  to 


4 


i+« 


•6. 


(13) 


Assuming  the  specific  heat  of  the  material  to  be  con> 
stant  in  the  temperature  range  AT,  we  have 


Eq  ^  m-C'^T, 


where  c  is  the  mean  specific  heat  of  the  material;  m  is  the 
mass  of  tha  billet. 


Then  the  elevation  in  temperature  will  be 


Assuming  the  conditions  of  detonation  punching  for  the 
billet  of  low'carbon  steel  type  St  3,  with  a  thickness  of  0.3 
cm,  for  which  G  *  20, g,  R  »  0.04,  and  h/r^  *  0.4,  we  find  that 

the  temperature  is  increased  by  no  more  than  100  degrees. 

Furthermore,  the  evaluation  of  increase  in  temperature 
of  the  billet  during  detonation  was  proven  experimentally. 

3;  vlectrodeposition  we  coated  a  10-15  fxn  thick  film  of  low- 
mt.;  "ing  metals  —  zinc  and  tin  —  on  the  surface  of  the  com- 
ponei.t,  and  made  fine  rectangular  lines  on  the  films.  After 
detonating  a  50-g  charge  in  the  water  container  at  a  distance 


20 


of  30  mm  from  the  billet,  on  none  of  the  components  were  there 
found  traces  of  fusion  either  in  the  structure  nor  on  the  edrss 
of  the  lines. 

Radiograms  taken  from  the  deformed  samples  (Fipure  6) 
showed  that  recrystallization  occured  only  in  the  film  of 
tin.  The  temperature  of  recrystallization  for  tin  was  equal 
approximately  to  20**  C,  and  for  zinc  ••  approximately  40**  C. 

Thus  we  can  assume  that  under  the  conditions  of  deto> 
nation  punchlnf;  through  a  transmitting  medium  using  charges 
whose  mass  does  not  exceed  several  tens  of  grams,  the  temp¬ 
erature  is  not  raised  to  values  that  would  influence  the 
state  of  the  structure.  It  is  probable  however  that  for 
contact  detonation  such  a  conclusion  would  be  incorrect. 

The  sequence  of  displacement  of  the  individual  seg¬ 
ments  of  the  component  was  studied  by  Gouforz  C13]  (Figure 
7}  under  the  pulsed  effect  of  a  shock  wave.  At  the  initial 
moment  a  deformation  takes  place  of  the  peripheral  segments, 
located  near  the  edges  of  the  matrix  and  the  clamp.  On 
these  segments  the  diagram  of  the  deformation  is  quite  com¬ 
plex  —  it  involves  bending,  the  effect  of  the  damped  end, 
and  other  factors.  But  in  the  central  deformation  zone  a 
biaxial  tension  takes  place. 

In  the  general  case  the  magnitude  of  the  deformation 
at  any  point  is  determined  from  the  formula 


(15) 


where  ^'3  displacements  along  the  three 

mutually  perpendicular  directions. 

Under  biaxial  tension  ^£2*  Expanding  formula  (15) 
under  this  condition  we  find  that  i.e.,  we  can  iudge 

as  to  the  degree  of  deformation  of  the  half-sphere  made  of 
sheet  billet  by  using  a  shock  wave  based  on  tapering  the  ma¬ 
terial  in  the  direction  of  the  effect  of  this  wave  (£3)*  Ref¬ 
erence  [14]  also  mentions  the  diagram  of  biaxial  tension  dur¬ 
ing  pulsed  deformation  "into  an  open  matrix". 

The  characteristic  distribution  of  tapering  along  the 
profile  of  the  half-sphere  is  shown  on  Figure  8.  Such  a  dis¬ 
tribution  of  tapering  and  hardness  was  found  in  the  deforma¬ 
tion  of  nickel,  Nichrome  (IIKh7),  KhlSNlOT  steel  [15],  and 
other  materials  [16,  17].  Leaving  to  one  side  the  different 
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Figure  6*  Radiograms  taken  from  thin  films  of  tin  (a)  and 
zinc  (h)  after  detonation  deformation*  Recrystallization 
took  place  only  in  the  tin. 


technological  arguments,  we  must  mention  that  to  study  the 
questions  involved  in  the  deformation  mechanism  or  the 
characteristics  of  strengthening  during  pulsed  treatment, 
it  is  necessary  to  investigate  only  the  central  part  of  the 
component  in  which  the  biaxial  tension  takes  nlace. 


Pulsed  Deformation  Using  Magnetic  Field  Energy 


If  the  energy  accumulated  in  the  condensers  is  dis¬ 
charged  in  a  period  of  fractions  of  a  second  through  the  coil- 
solenoid,  then  the  forming  high-strength  magnetic  field  de¬ 
velops  a  pressure  of  several  tens  of  kolobars.  If  the  spe¬ 
cific  pressure  here  exceeds  the  yield  stress  of  the  material 
in  the  zone  where  the  magnetic  field  has  an  effect,  then 
plastic  deformation  will  occur*  This  principle  is  used  as 
the  method  of  pulsed  deformation  along  with  others*  In  com¬ 
parison  with  detonation  deformation,  electromagnetic  punching 
makes  it  possible  to  obtain  a  well-reproducible  stable  nulsed 
load  that  can  be  regulated  in  a  large  range  of  velocities  and 
strength . 
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Figure  7.  Diapan  of  the  successive  displacement  of  a  sheet 
billet  under  the  effect  of  a  shock  wave  in  time  t  >  t  ^  t 
>to.  3^  J-'  1 

1,  Deformation  2.  Distribution  of  deformation 


PaesmoPmtt  om  uettmpa.MM  ( i } 
a  h 

Figure  8.  Distribution  of  degree  of  deformation  and  hardness 
over  the  profile  of  the  half«spherc  after  detonation  (b)  and 
quasi'Static  (a)  deformation* 

1*  Distance  from  center,  mm 
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Figure  9.  Diagrun  of  the  defornation  of  a  tubular  billet  in 
an  eleetronagnetic  field. 


One  of  the  widely-used  diagrams  of  deformation  by  the 
energy  of  the  electromagnetic  field  is  shown  on  Figure  9. 

The  sample  4  in  the  form  of  a  tube  of  a  material  with  a 
good  electrical  conductivity  is  placed  inside  the  coils-sole- 
noid  3.  According  to  the  data  in  [18],  the  specific  electri¬ 
cal  resistance  of  the  material  must  be  $0.0015  ohm.m.  By 
discharging  the  condenser  1,  located  under  high  stress,  through 
the  discharger  2,  a  magnetic  field  is  formed  between  the  coil 
and  the  sample  which  develops  a  high  radial  pressure  (as 
shown  by  the  arrows  on  Figure  9).  The  diameter  of  the  1-nm 
thick  tube  can  be  decreased  in  this  case  by  20-25%  [19]. 

The  described  diagram  has  great  practical  significance,  how¬ 
ever  its  disadvantage  is  the  non-uniformity  of  deformation  ; 
along  the  length  and  throughout  the  thickness  of  the  sample. 

In  this  sense  it  is  more  advantageous  to  use  the  diagram  of 
electromagnetic  deformation  of  a  flat  sample.  An  improved 
instrument  was  developed  by  Svistunov  and  Bernshteyn  [20] 
for  studying  the  characteristics  of  the  deformation  mecha¬ 
nism  and  strengthening  under  a  pulsed  load  (Figure  10). 

The  sample  1  is  placed  between  the  support  2  and  the 
plate  3,  which  in  the  non-operating  state  presses  down  on 
the  sample.  The  coil-solenoid  4  is  placed  in  such  a  manner 
that  its  axis  0-0  was  located  at  an  equal  distance  from  the 
plate  and  the  lower  support  5*  The  battery  array  is  dis¬ 
charged  into  the  coil  using  a  trigotron  which  ensures  an 
individual  pulse.  During  the  pulse  the  load  grows  from  zero 

to  P  (as  shown  on  Figure  1.  At  first  the  forces  P.  and  P, , 
max  *  X 

acting  on  different  sides  of  the  coil,  are  equal,  but  at  some 

moment  the  force  P2  exceeds  the  yield  stress  of  the  sample 

and  becomes  less  than  Pj..  Then  the  plate  is  shifted  by  a  dis¬ 
tance  Aii  the  coil  is  raised  to  the  position  of  the  axis  0^-0^. 
and  remains  there  until  the  condition  P2  *  Pj^  is  recovered. 
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Figure  10.  Diagram  cf  the  deformation  of  a  flat  sample  in  an 
electromagnetic  field. 
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Figure  11.  Oscillogram  of  the  process  of  deformation  in  an 
electromagnetic  field <  I.  segment  of  energy  accumulation; 
II.  period  of  plastic  flow  of  the  sample  of  about  50  usee. 


Then  the  cycle  is  repeated  as  long  as  the  forces  of  the  mag¬ 
netic  field  are  sufficient  for  deformation  of  the  sample. 

The  oscillogram  (Figure  11)  permitted  determining  the  time 
of  the  process  and  the  displacement  rate  (100-200  m/sec). 

Here  the  relative  deformation  velocity  will  be  on  the  order 

of  10  -10  sec  •  i.e.,  near  the  deformation  velocity  in  de¬ 
tonation  punching.  For  copper  and  brass  the  displacement 
rate  during  deformation  using  the  diagram  shown  on  Figure 
9  is  estimated  to  be,  respectively,  130  and  86  m/sec  £19]. 

The  authors  assume  that  the  maximal  rate  which  can  be  reached 
in  modern  equipment  does  not  exceed  300  m/sec. 

The  pressure  of  the  magnetic  field  is  determined  [21] 
from  the  formula 
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where  Is  the  magnetic  field  strength,  oersted;  fx  is 
magnetic  permeability  of  the  material;  in  high-strength 


(16) 


is  the 
mag¬ 
netic  fields  the  value  of  p  for  practically  all  of  the  mater* 
ials  used  can  be  assumed  equal  to  unity. 


In  turn  the  magnetic  field  strength  can  be  obtained 
from  the  following  formula t 


«.= im-K. 


(17) 


where  c  the  capacitance  of  the  battery  array,  fxTi  v  is 
the  volt&ge  on  the  capacitor  plates,  V;  g  is  the  length  of 
the  coil,  cm;  a^  is  the  radius  of  the  coil,  cm;  K  is  a  coef* 

ficient  which  depends  on  the  form  of  the  solenoid  and  the 
rate  of  damping  of  the  oscillations  in  the  circuit,  equal 
to  0.3 


Figure  12.  Dependence  of  pressure  developing  by  the  magnetic 
field  on  voltage  applied  on  the  condenser  (C  *  4000  fxT), 


1. 


max 


,  Hn/m^(kgf/mm^) 


more  detailed  definition  of  K  see: 


For  a  _  _ 

Fisika  i  Tekhnika  Sil’nykh  Magnitnykh  Poigy*  (Phy 
Technology  of  strong  Magnetic  fields;,  lissR  Academ 
ences  Publishing  House,  1964. 
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Figure  13.  Diagram  of  the  set-up  for  electrospark  pulsed 
deformation:  1.  high-voltage  generator;  2.  discharge  pan; 
3.  battery  array;  4.  electrodes;  S.  sample;  6.  matrix. 


With  a  battery  array  capacitance  of  4000  fiT ^  a  voltage 
of  3000  V,  and  a  coil  length  of  0.9  cm,  the  field  strength 
will  be  equal  to  360  kOe.  Then  from  formula  (16)  the  nres- 

sure  will  be  207,000  Mn/m^  (about  20,700  kgf/mm^). 

Thus,  the  amount  of  pressure  developed  during  electro¬ 
magnetic  punching  is  of  the  same  order  of  magnitude  as  during 
detonation  deformation,  but  can  be  easily  regulated  by  vary¬ 
ing  the  voltage  but  with  the  same  condenser  capacita.ije  (Fig¬ 
ure  12). 

4.  Electrohydraulic  Deformation 

A  high  pressure  is  developed  in  carrying  out  spark  dis¬ 
charge  under  water  in  the  space  between  the  two  electrodes  for 
a  short  period  of  time.  The  liquid  which  washes  the  electrodes 
converts  into  vapor  which  is  rapidly  spread,  as  a  result  of 
which  a  high-pressure  zone  is  generated  that  creates  a  shock 
wave.  The  method  based  on  this  principle,  iust  as  the  method 
of  electromagnetic  punching,  is  used  for  the  deformation  of 
tubular  billets  and  for  the  manufacture  of  components  such  as 
half-spheres  from  a  sheet.  The  theoretical  diagram  of  the 
electrospark  equipment  is  shown  on  Figure  13.  Reference  [22] 
shows  that  during  electrospark  punching  the  same  stages  of 
flow  of  the  metal  are  retained  as  during  detonation  deforma¬ 
tion  of  sheet  material  (see  Figure  7). 

The  deformation  rate  during  electros.park  discharge  is 
slightly  lower  than  during  detonation  and  electromagnetic 
punching;  the  pressure  developed  is  2-b  kbar. 
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Pulsed  Deformation  at  Superhif.h  Pressures 


The  methods  of  pulsed  deformation  described  above  are 
connected  by  one  common  condition:  the  sources  of  the  shock 
wave  and  the  sample  are  separated  by  an  intermediate  medium. 
In  spite  of  the  broad  possibilities  of  these  methods,  their 
use  is  limited  by  the  rate  of  propagation  of  the  shock  waves, 
and  consequently  by  the  amount  of  pressure  developed. 


We  know  the  methods  of  pulsed  deformation  which  per¬ 
mit  increasing  the  deformation  rate  and  the  ma^tnitude  of  P 

max 

by  tens  and  hundreds  of  times.  The  use  of  these  methods  has 
permitted  obtaining  much  interestinp  data  on  nhase  transitions 
at  hirh  pressures  [23-26]. 


Here  we  shall  loc-k  at  two  methods  of  deformation  at 
superhigh  pressures:  contact  detonation  and  the  casting  of 
thin  plates. 

Contact  Detonation 

In  detonating  a  charge  located  in  direct  contact  with 
the  metal,  the  amount  of  pressure  will  depend  on  the  charac¬ 
teristics  of  the  explosive,  the  density  of  the  metal,  the 
rate  of  propagation  of  sound  in  the  given  me  cal,  and  on  other 
factors.  With  this  type  of  loading,  regions  of  localized 
stresses  are  created  in  the  material  that  determine  the  pro¬ 
cess  of  fracture.  If  a  high-power  stress  wave  acts  along 
the  axis  of  the  sample,  then  an  unloading  wave  acts  in  the 
perpendicular  direction  that  may  significantly  exceed  the 
yield  stress  of  the  material  and  therefore  facilitate  its 
fracture . 


The  pressure  developed  on  the  surface  of  the  metal  P 

max 

is  determined  by  the  formula 


PmPt  +  PxDx' 


(18) 


where  P^  is  the  detonation  pressure  of  the  explosive;^,  is 
the  initial  density  of  the  metal;  is  the  initial  density 
of  the  explosive;  is  the  rate  of  detonating  the  explosive. 

In  detonating  TUT  the  pressure  on  the  surface  of  alum¬ 
inum  is  equal  to  234  kbar,  and  on  the  surface  of  iron  312  kbar. 


The  contact  placement  of  the  ehari'e  with  a  directed 
effect  from  the  shock  wave  is  used  for  strengthening  larp,e> 
scale  products  and  producing  multi-layer  composite  materials 
[27]. 

Casting,  of  Thin  Plates  at  Hiph  Velocities 

The  p.reatest  value  of  the  peak  pressure  alonp  the  front 
of  the  shock  wave  may  be  obtained  by  usinp  the  enerpy  of  a 
thin  plate,  flyinp  at  hiph  velocity.  Various  devices  based 
on  this  principle  are  beinp  used  with  increasinp  frequency 
at  the  present  time  for  research  as  well  as  for  practical 
purposes. 


Fipure  14.  Diapram  of  the  deformation  usinp  thin  steel  plates 
accelerated  by  products  of  detonation  [2]. 


The  diapram  of  one  such  device  is  shown  on  Fipure  14. 

A  steel  disk  1,  (1-1.5  mm  thick)  under  the  effect  of  the  de¬ 
tonation  products  assumes  a  velocity  of  several  thousand  km/ 
sec.  At  such  an  initial  velocity  the  disk  flies  a  distance 
of  about  90  mn  inside  the  control  nozzle.  In  order  to  de¬ 
crease  heatinp  of  the  disk  itself,  a  thin  spacer  of  plastic 
3  is  placed  between  the  explosive  charpe  2  and  the  disk. 

Two  waves  are  penerated  and  propapated  on  both  sides 
of  the  impact  surface  by  the  collision  between  the  striker 
1  and  the  sample  4.  If  the  speed  of  the  striker  prior  to 
the  moment  of  impact  were  W  ,  then  after  impact  the  speed  of 
the  material  behind  the  wave  front  will  be  U,  and  that  of  the 
striker  will  be  V/  -U  [2].  If  the  acceleratinr  disk  and  the 
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sample  are  made  of  one  and  the  same  material,  then  U  «  1/2  W  . 

A  screen  5  made  from  a  material  with  a  known  Huf^oniot  adiabatic 
curve  is  often  placed  between  the  samnle  and  the  flyinp  plate. 

In  several  papers  it  is  shown  that  the  speed  of  the 
flying  plate  prior  to  slowing  down  may  reach  9  or  even  14 
km/sec.  This  process  has  been  described  in  greater  detail 
in  the  survey  report  [2]. 
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CHAPTER  2 

GLIDING  UNDER  CONDITIONS  OF  HIGH-VELOCITY  DEFORMATION 

By  applying  an  external  load,  processes  are  realized 
in  metals  that  diminish  or  eliminate  the  stress  generated. 

Elastic  and  plastic  deformation,  as  well  as  fracture, 
are  basic  types  of  reaction  of  a  metal  to  an  external  load; 
they  may  be  studied  as  different  procedures  for  the  relaxa- 
tion  of  external  stresses.  The  specific  type  of  relaxation 
of  external  stresses  is  determined  by  many  factors,  mainly 
fiuch  as  the  type  of  crystal  lattice  of  the  metal,  the  de¬ 
gree  of  purity,  the  pressure,  and  the  velocity  and  tempera¬ 
ture  of  deformation. 

Two  basic  mechanisms  of  deformation  are  known t  glid¬ 
ing  and  twinning. 

In  the  present  chapter  we  shall  examine  the  character¬ 
istics  of  gliding  during  the  pulsed  loading  of  metals.  However 
we  must  first  briefly  describe  the  behavior  of  individual  de¬ 
fects  in  the  process  of  high-velocity  deformation  and  the 
methods  by  whose  use  we  can  experimentally  study  the  process 
of  gliding.  Sections  1  and  2  are  concerned  with  these  ques¬ 
tions  . 

1.  Characteristics  of  the  Behavior  of  Crystal  Lattice  Defects 
burlng  Pulsed  Loading 

The  different  behavior  of  crystal  lattice  defects  dur¬ 
ing  high-velocity  and  quasi-static  deformation  has  been  men¬ 
tioned  in  many  experiments.  There  are  several  theoretical  ba¬ 
ses  for  this  effect  [28-313.  The  change  in  concentration  of 
any  kind  of  defects  in  the  process  of  plastic  deformation 

can  be  evaluated  from  the  following  formula: 
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Ci=iC((0)6  »  (19) 


where  ^£(0)  original  concentration  of  defects;  t  is 

the  duration  of  the  process;  is  the  relaxation  tine  for 
the  given  process. 

The  quantity  t^^  may  be  either  the  tine  of  effect  of 

the  dislocations  source  or  the  time  of  the  interaction  between 
the  defects •  or  the  time  necessary  for  migration  of  the  bound-* 
aries,  etcetera.  It  is  obvious  that  only  those  processes  will 
enter  into  the  deformation  for  which  t^^  ^  t.  If  t 

then  under  the  given  deformation  conditions,  this  process  can 
not  take  place. 

Consequently  with  high-velocity  deformation  there  must 
be  a  redistribution  of  the  contributions  from  the  various 
processes  which  in  turn  will  determine  the  change  in  proper¬ 
ties  of  the  materials.  Furthermore,  any  significant  change 
in  the  properties  must  be  associated  with  some  definite  de¬ 
formation  velocity  and  will  not  be  the  same  in  any  of  the 
velocity  ranges. 

Let  us  look  only  at  several  of  the  more  important  as¬ 
pects  involving  the  effect  of  high-velocity  deformation  on 
the  individual  crystal  lattice  defects. 

Rate  of  Motion  of  Dislocations  and  the  Forces  of  Friction. 

During  Their  Displacement 

The  displacement  of  dislocations  along  the  glide  plane 
is  one  of  the  determining  operations  in  the  process  of  plastic 
deformation.  To  increase  the  strength  propertihs  ofthe  metal  it 
is  not  absolutely  necessary  to  have  a  large  number  of  disloca¬ 
tions  (or  maximally  small);  it  is  important  only  to  create 
conditions  which  make  their  displacement  difficult  for  any 
density  of  dislocations. 

When  the  theory  of  solid-state  defects  was  created, 
dislocations  were  treated  as  mobile  linear  defects  in  an  iso¬ 
tropic  medium,  actually  not  associated  with  the  crystal  lat¬ 
tice  or  associated  purely  geometrically  through  the  shift 
vector  (Burgers  vector)  b  and  the  direction  of  the  axis  or 
the  line  of  the  dislocation  f. 

Later  Pauerls  and  Nabarro  [32,  33]  studied  the  influence 
of  the  periodic  structure  of  the  crystal  lattice  on  the  condi¬ 
tions  of  displacement  of  the  dislocation  through  the  crystal. 


They  determined  the  force  of  friction  which  the  dislocations 
had  to  overcome  in  the  transition  from  one  equilibrium  state 
to  anothert 

T  =  -^exp  [-^(A)],  (20) 


where  G  is  the  m«..^lus  shift;  K  is  a  constant  near  unity;  b 
is  the  distance  between  the  atoms  in  the  direction  perpendi¬ 
cular  tothe  shift  plane;  A  is  the  width  of  the  dislocation 
which  characterizes  the  extent  of  the  deformed  segment  around 
the  dislocation  (Figure  IS). 

The  width  of  the  dislocation  depends  stronply  on  the 
type  of  interatomic  bond  and  on  the  temperature  of  deforma¬ 
tion  and  can  be  figured  only  approximately.  The  error  may  be 
quite  substantial  moreover  since  the  rate  of  motion  of  the 
dislocation  alonp  the  plane  also  exerts  an  influence  on  the 
width  of  the  dislocation.  Takinr  into  account  that  the 
quantity  'A  appears  in  the  exponent,  the  shearinp  stress  nece¬ 
ssary  to  overcome  the  force  of  friction  from  the  side  of  the 
crystal,  is  determined  only  approximately.  It  was  found  that, 
for  pure  crystals  with  a  metallic  bond,  these  forces  are 
quite  insif^hificant*  For  example,  in  metals  with  an  fee 
lattice  in  the  plane  of  dense  packing  (111)  "Y  lO'^  6  for 
the  edge  dislocation  and  t*  »  10*^  for  the  Burgers  disloca¬ 
tion.  During  the  displacement  of  a  dislocation  in  a  crystal 
with  a  directed  bond  of  ion  or  covalent  type  the  force  of 
friction  is  increased  by  10  times. [34]  in  comparison  with 
that  computed  from  formula  (20)  on  the  basis  of  the  Peierls 
model. 


Figure  15.  Distribution  of  dislocation  energy  \t  as  a  function 
of  distance  x  from  the  dislocation  center.  The  effective  width 
of  the  dislocation  \  may  be  figured  only  approximately. 


The  forces  of  friction  may  grow  abruptly  during  the 
motion  of  the  dislocations  if  the  deformation  conditions  are 
changed.  A  substantial  change  in  the  friction  force  should  be 
expected  by  changing  the  temperature  and  the  deformation  ve¬ 
locity,  as  well  as  the  magnitude  of  the  shock  wave  pulse.  The 
changes  may  be  rather  large.  The  dependence  of  friction  force 
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Figure  16.  Comparison  of  the  experimental  and  theoretically 
computed  dependences  of  shift  stress  on  temperature  in  iron: 
1.  computed  from  the  Lot^Hirsh  equation  on  the  basis  of  the 
Peierls  forces;  2.  computed  according  to  Fridel,  on  the  ba* 
sis  of  the  Peierls  forces;  3.  experimental  data. 

1.  I*,  Hn/m^(kgf/mm^). 


on  temperature  has  been  investigated  in  the  greatest  detail. 
For  the  temprature  dependence  there  are  computational  formu* 
las  and  sufficiently  reliable  experiments.  As  is  clear  from 
Figure  16  [35]  when  the  temperature  is  lovrered  the  friction 
force  may  grow  by  an  order  of  magnitude.  There  is  a  certain 
critical  temperature  (or  narrow  temperature  range)  at  which 
the  Peierls  force  is  abruptly  increased.  We  should  mention 
the  rather  good  agreement  between  the  comnuted  (after  Fridel) 
and  the  experimental  data,  in  any  case,  in  the  temperature 
range  for  which  a  large  friction  force  is  characteristic. 

For  the  present  it  is  still  impossible  to  determine 
the  dependence  of  friction  force  on  the  rate  of  displacement 
of  the  dislocations  in  the  crystal  with  the  same  degree  of 
reliability  since  the  necessary  experimental  data  and  analy¬ 
tical  formulas  are  lacking  to  do  so.  The  dependence  on  ve¬ 
locity  can  be  figured  only  qualitatively  by  varying  the  energy 
of  the  moving  dislocation. 

The  energy  derivative  over  the  parameter  a  (in  the  di¬ 
rection  of  the  glide  plane)  >w/da  represents  a  force  which 
may  be  written  as  the  product  B,?*  where  2'  «  is  the  critical 

CF  CF 
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stress  necessary  for  motion  of  the  dislocation  which  can  be 
treated  as  a  force  that  inhibits  motion  of  the  dislocations, 
i*e.,  the  force  of  friction. 

In  accordance  with  the  theory  of  the  motion  of  dislo¬ 
cations,  formulated  in  peneral  form  by  frank  and  Sshelby  [36, 
37]  the  motion  of  the  dislocations  is  similar  to  the  motion 
of  the  particles  described  by  the  special  theory  of  relativ¬ 
ity.  Then 


where  is  the  rate  of  displacement  of  the  dislocations  in 
the  Rlide  plane;  is  the  encrny  of  dislocation  being  dis¬ 
placed  at  a  rate  V^;  is  the  energy  of  dislocation  in  the 
state  of  rest;  c^  is  the  rate  of  propagation  of  transverse 
sonic  waves  in  the  metal. 

From  formula  (31)  it  follows  first  of  all  that  by  in¬ 
creasing  the  rate  of  displacement  of  the  dislocation  its  en¬ 
ergy  grows  and  when  it  reaches  the  value  c^^  the  dislocation 

energy  tends  to  infinity. 

The  width  of  the  dislocation  also  depends  on  the 
rate  of  its  displacement: 


(22) 


where  is  the  width  of  the  stationary  dislocation. 

From  comparison  of  formulas  (20)  and  (22)  and  also 
from  formula  (21)  it  follovrs  that  increasing  the  rate  of 
displacement  of  the  dislocations  will  lead  to  an  increase 
in  the  friction  force,  as  a  result  of  which  an  additional 
strengthening  of  the  metal  will  take  place  during  high-ve¬ 
locity  deformation • 

From  these  premises  the  deformation  under  conditions 
of  pulsed  loading  should  be  treated  as  the  effect  of  a  very 
large  cleavage  stress  along  the  glide  plane  at  the  displace¬ 
ment  rate  of  the  dislocation,  since  in  Chapter  1  we  shewed  that 
the  peak  pressure  during  high-velocity  deformation  may  grow 
by  several  orders  of  magnitude. 
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The  numerous  experimental  data  ^Iveinp  the  dependence 
of  the  rate  of  displacement  of  the  dislocation  on  the  amount 
of  stress  applied,  obtained  by  various  researchers  [38-463, 
can  be  describtid  quite  well  by  the  formula 


where  X  is  the  amount  of  cleavage  stress  in  the  glide  plane; 
is  the  stress  of  resistance  of  the  lattice  to  motion  of 

the  dislocations;  Xq  is  the  constant  amount  of  stress  neces¬ 
sary  to  apply  in  order  for  ~  ^  cm/sec;  m  is  an  exponent 
which  depends  on  the  type  of  crystal. 

Table  7.  Value  of  the  Index  m  Which  Characterizes  the  Mobil 
ity  of  the  Dislocations  in  Various  Crystals 
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Table  7  gives  the  value  of  the  index  m  for  several 
crystals.  We  must  first  pay  attention  to  the  sharp  depend¬ 
ence  of  m  on  type  of  crystal  lattice.  The  lowest  exponent 


in  crystals  with  a  directed  covalent  bond  is  in  silicon  and 
germanium,  which  are  the  most  sensitive  to  increase  in  defer- 
mation  velocity.  The  maximal  exponents  in  crystals  with  an 
fee  lattice  are  those  which  are  most  plastic  under  conditions 
of  high-velocity  deformation.  The  exponent  m  in  metals  with 
a  bcc  lattice  differs  by  more  than  an  order  of  magnitude  in 
comparison  with  the  fee  metals;  the  hcc  lattice,  as  we  know, 
possess  a  more  abrupt  temperature  and  velocity  dependence  of 
the  strengthening  characteristics. 

As  yet  we  have  insufficient  data  for  a  categorical 
judgement  of  the  influence  exerted  by  type  of  lattice  on  be¬ 
havior  of  the  dislocations  during  pulsed  deformation,  tut  the 
cited  results  permit  us  to  mention  certain  laws. 

However,  formula  (23)  is  valid  only  in  certain  limits 
of  deformation  velocity  since  in  principle  T'  and  m  may  be 
sufficiently  large  and  then  we  can  show  that  v^  ^ 

Gilman  [29,  47]  suggested  the  following  formula  for 
describing  the  dependnece  of  rate  of  motion  of  the  disloca¬ 
tions  on  the  magnitude  of  the  cleavage  stresses 


(24) 


Gilman  assumes  that  this  is  the  simplest  function  that 
will  describe  the  experimental  data  sufficiently  well,  although 
the  setting  up  of  the  experiment  itself  is  complex  and  the  re¬ 
sults  obtained  have  a  large  amount  of  scatter. 

Figure  17  shows  t^^e  curves  of  the  dependence  of  the 
logarithm  of  dislocation  velocity  on  the  amount  of  pressure 
applied  for  various  crystals.  For  each  crystal  there  is 
some  critical  value  of  the  cleavage  stress,  which  will  lead 
to  a  sharp  growth  in  the  dislocation  velocity.  Lavrent'yev 
and  Salita  [48]  studied  the  mohilit''  of  dislocations  in  the 
pyramidal  plane  £ll52}  of  zinc  single  crystals  during  imnact 
loading.  They  also  established  an  exponential  dependence  of 
the  velocity  of  dislocation  displacement  on  stress,  although 
they  distinguished  two  segments;  the  first  when  the  depend¬ 
ence  is  very  acute,  and  the  second  when  a  four-fold  increase 
in  stress  raises  the  dislocation  velocity  by  only  10  times. 

For  NaCl  crystals  doped  with  bivalent  strontium,  two  values 
are  determined  for  the  index  m:  for  low  and  high  values  of 
;r[46]. 


In  one  of  his  later  works  [49]  Gilman  showed  that  for 
a  number  of  crystals  the  bremsstahlung  of  moving  dislocations 
is  simply  proportional  to  , 
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Thus,  during  high-vslocity  deformation  characterizing 
extremely  high  values  of  applied  stress,  the  rate  of  disloca' 
tion  displacement  grows  sharply  along  the  glide  plane,  which 
in  turn  is  associated  with  an  increase  in  the  resistance  of 
the  lattice  to  dislocation  displacement.  The  described  phe¬ 
nomenon  is  undoubtedly  one  of  the  important  causes  for  the 
additional  increase  in  strength  during  high-velocity  defor¬ 
mation  in  comparison  with  quasi-static  deformation  strength¬ 
ening. 


Figure  17.  Dependence  of  rate  of  motion  of  dislocations  on 
applied  stress  at  room  temperature:  1.  edge  dislocations; 
2.  Burgers  dislocations;  A.  for  ttaCl  according  to  the  data 
in  [30];  B.  for  LiF  according  to  the  data  in  [44];  C.  for 
Fe  t  30%  Si  according  to  the  data  in  [42]. 

1.  Speed  of  sound 

2.  log  V.,  cm/sec 

3.  gf/mm2 


Furthermore  it  is  completely  possible  that  the  differ¬ 
ence  in  additional  strengthening  of  the  different  metals  is 
determined  to  a  significant  degree  by  the  index  m  in  equation 
(23). 

Campbell  and  Harding  [50]  studied  the  influence  of  de¬ 
formation  and  neutron  irradiation  on  the  lower  yield  stress 
C  of  iron  and  low-carbon  steel,  by  determining  the  values  ol- 

the  coefficients  in  the  familiar  Fetch  equation: 


o,=sOj  +  ftj(d 

where  is  the  stress  necessary  for  displacement  of  the  dis¬ 
locations  through  the  crystals;  k  is  the  strength  of  blocking 
of  the  dislocations;  d  is  the  diameter  of  the  grain. 


The  data  in  Table  8  show  that  both  with  irradiation  and 
without  neutron  irradiation,  the  value  of  0*^  prows  abruptly 

with  increase  in  deformation  velocity,  the  decree  of  the  in¬ 
crease  in  resistance  of  the  lattice  in  the  selected  velocity 
ranpe  virtually  not  varyinp,  as  a  function  of  the  irradiation 
dose,  although  the  absolute  of  does  increase. 

Table  8.  Influence  of  Deformation  Velocity  and  Heutron  Bom¬ 
bardment  on  the  Values  of  the  Coefficients  in  the 
Petch  Equation  [SO] 
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The  value  of  remains  virtually  constant  with  in¬ 
crease  in  deformation  velocity  but  drops  abruptly  durinp.  bom¬ 
bardment  due  to  the  formation  of  point  defects. 


Accordinp  to  the  data  in  [30]  and  [U4]  there  is  a  dil- 
ference  in  displacement  velocity  of  the  edpc  and  Burpcrs  dis¬ 
locations  with  one  and  the  sane  stress  value.  Here  the  dis¬ 
placement  velocity  of  the  edpe  (.i  siocat  i ons  is  -rproximstely 
10  times  r.reater,  this  obviously  beinp  due  to  the  ability  of 
the  edpe  dislocations  to  remain  in  the  limits  of  one  plide 
plane . 
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The  limits  of  chanf'e  in  the  velocity  of  the  ed^e  and 
Burf.ers  dislocations  are  also  different.  The  velocity  of 
the  first  mey  vary  from  zero  to  the  nroi>af»ation  velocity  of 
Rayleigh  waves  (c^),  and  the  velocity  of  the  second  —  from 

zero  to  The  pronaf.ation  velocity  of  the  Rayleiph  surface 

waves  is  less  than  the  transverse  speed  of  sound  nropapation 
by  5-13%,  depending  on  the  material.  For  materials  with  Pois* 
son  coefficients  p  *  1/2,  c^,  =  0.95  c^;  when  ^  =  1/3,  c^  * 

0.93  c^i  and  for  a  material  with  p  s  o,  c^  s  0,87  c^. 

It  should  be  mentioned  that  the  change  in  temoeraturc 
of  deformation  does  not  change  the  character  of  the  dependence 
of  dislocation  velocity  on  the  magnitude  of  the  stress  ap¬ 
plied  (Figure  18).  In  logarithmic  coordinates  the  lines  are 
shifted  only  along  the  abscissa  axis. 

Formation  of  Dislocations  of  Several  Spherical  Types 

In  accordance  with  the  general  theory  of  dislocations 
the  velocity  of  the  dislocations  must  be  limited  by  the  ve¬ 
locity  of  the  transverse  sonic  waves.  However  the  theoretical 
works  on  the  motion  of  dislocations  by  Eshelby  and  other  re¬ 
searchers  [28,  51,  52]  Fhow^d  that  this  limitation  is  not  a 
general  one,  and  in  particular  that  the  edge  dislocations  have 
a  finite  energy  value  at  supersonic  displacement  velocities. 

Another  limitation  on  the  dislocation  velocity  follows 
from  equation  (22)  according  to  which  the  width  of  the  dis¬ 
location  is  equal  to  zero  when  a  velocity  of  c^.  is  reached. 

If  by  width  of  the  dislocation  we  mean  the  number  of  vertical 
curved  planes  along  both  sides  of  the  excessive  half-plane, 
then  the  possibility  of  forming  supersonic  dislocations  may 
be  explained  in  the  following  manner  [28].  Let  us  assume 
we  have  the  positive  dislocation  shown  on  Figure  19,  a.  With 
increase  in  displacement  velocity  its  width  is  decreased  and 
for  c^  reaches  zero  (Figure  19  b).  But  with  further  increase 

in  velocity  a  dislocation  of  opposite  sign  is  formed  (Figure 
19  c).  Since  the  presence  of  a  dislocation  leads  to  a  bend¬ 
ing  of  the  glide  plane  itself,  by  increasing  the  displacement 
velocity  of  the  dislocation  of  the  opposite  sign,  the  angle 
of  bending  will  be  constantly  increased. 

A  diagram  of  the  supersonic  edge  dislocation  was  given 
by  Eshelby  (Figure  20).  The  atoms  arranged  above  the  glide 
plane  may  occupy  two  positions.  To  the  right  of  the  dislo¬ 
cation  A  the  position  is  unstable,  and  to  the  left  it  is 
stable.  The  position  of  the  atoms  to  the  right  of  A  nay  varv 
if  they  are  shifted  to  the  left  and  occupv  a  stable  position. 
This  movement  will  be  equivalent  to  The  dislocation  being 
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Fif’ure  18.  Influence  of  temperature  of  deformation  on  the 
displacement  velocity  of  edge  dislocations  versus  the  amount 
of  stress  [42], 

2  8  2  9 

1.  cro/sec  2.  n/m  .10  (dyn/cm  .10  ) 


c 


Figure  19.  Conversion  of  the  positive  edge  dislocation  to  a 
negative  one  through  the  intermediate  state  at  which  the  width 
of  the  dislocation  is  equal  to  zero  (after  Weertman). 
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Figure  20.  Formation  of  a  supersonic  dislocation  after  Eshelby. 

1.  Glide  plane  2.  Direction  of  dislocation 

motion 


shifted  to  the  right  in  the  direction  shown  by  the  arrow. 

The  energy  of  the  unstable  position  also  creates  that  driving 
force  which  determines  the  motion  of  the  dislocation.  If  all 
theatoms  located  to  the  right  of  A  are  displaced  simultan*' 
eously  from  their  unstable  positions  to  a  stable  position, 
the  dislocation  will  be  displaced  at  an  infinitely  high  ve¬ 
locity. 


The  displacement  velocity  of  the  dislocation  is  first 
of  all  a  function  of  the  effective  stress.  Reference  [51] 
shows  that  to  reach  a  velocity  near  that  of  sound  the  stress 
in  the  sample  must  be  G/75,  i.e.,  for  iron  approximately  10 
kbar.  In  pulsed  deformation  (see  Chapter  1)  the  peak  pres¬ 
sure  may  far  exceed  this  value. 

On  the  other  hand,  according  to  Cshelby,  the  forma¬ 
tion  of  supersonic  dislocations  must  be  accompanied  by  the 
presence  of  an  interface,  similar  to  the  surface  forming 
during  diffusionless  processes.  When  a  shock  wave  exerts 
an  effect  on  the  metal,  such  an  interface  will  be  narrow 
and  not  exceed  several  microns;  the  band  in  which  the  pres¬ 
sure  drop  is  comprises  hundreds  of  kilobars. 

However  for  the  present  there  are  no  experimental  data 
which  would  confirm  the  existence  of  supersonic  dislocations. 
Even  in  studying  the  motion  of  dislocations  in  the  subsonic 
range  the  investigated  velocities  fail  to  reach  the  speed 
of  sound  by  at  least  an  order  of  magnitude, 

Short-Term  Effect  of  a  Large-Amplitude  Pulse  on  Dislocation 
Sources 


The  Frank-Reed  diagram  is  one  of  the  most  common  for 
explaining  the  mechanism  of  multiplication  of  dislocations 
under  the  influence  of  an  sxternallv  applied  load.  In  this 
case  the  potential  sources  of  the  dislocations  may  be  the 
individual  segments  of  the  dislocation  line,  consisting  of 
a  grid  of  dislocations  affixed  between  the  point  defects  and 
inclusions  and  located  inside  the  grain  and  at  the  boundarv. 
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There  are  certain  conditions  which  nust  be  energeti¬ 
cally  satisfied  in  order  for  one  or  another  sepment  of  the 
dislocation  line  to  be  converted  into  a  Frank-Reed  source. 
If  we  treat  this  line  independently  in  an  elastic  medium, 
then  for  multiplication  of  the  dislocations  we  must  apply 
a  critical  stress. 


f  :S> 

cr 


dS 

T* 


(25) 


where  £  is  the  length  of  the  dislocation  line;  6  is  the  mod¬ 
ulus  of  shift;  5  is  the  Burgers  vector. 

In  addition  to  the  Frank-Reed  source  found  in  a  real 

crystal,  for  the  production  of  dislocations  it  is  necessary 

to  overcome  the  resistance  of  the  stress  fields  iT  created 

c 

by  the  various  barriers;  grain  boundaries,  vacancy  clusters, 

dislocation  forest,  etcetera.  Here  the  value  of  the  stress 

acting  on  the  source  depends  on  the  position  of  the  dis- 
c 

location  line  in  the  crystal  and  may  also  vary  in  wide  lim¬ 
its.  Hart  [53]  shows  that  even  a  small  liberated  loop  may 

act  as  a  Frank-Reed  source  with  a  stress  if  it  moves 

cr 

at  a  velocity  near  the  speed  of  sound,  since  with  motion  it 
possesses  a  high  kinetic  energy.  Thus,  in  a  crystal  there 
is  a  wide  spectrum  of  potential  dislocation  sources,  which 
begin  to  act  under  quite  different  conditions.  One  thing 
is  clear,  increasing  the  effective  pressure  will  facilitate 
the  formation  of  new  sources  as  a  result  of  realizing  sources 
with  small  i  and  overcoming  of  the  resist^tnce  VI.  Simple 

'*■  2 

computation  shows  that  if  take  for  iron  6  -  84,000  Hn/m 

(8400  kgf/mm^),  b  0.1  nm  (1  A),  then  with  quasi-static 

2 

deformation  when  the  pressure  does  not  exceed  2000  Mn/m 

2  2 
(200  kgf/mm  ),  and  consequently  T  does  not  exceed  1000  Hn/m 

(100  kgf/mm  )  ,  only  those  sources  may  act  for  which  o  is 

no  less  than  6  nm  (80  A). 

During  pulsed  deformation  with  a  pressure  of  100  kbar 
the  dislocation  sources  are  found  to  be  lines  with  a  length 
of  about  1.5  nm  (15  a). 

According  to  the  data  in  reference  [54]  the  time  nec¬ 
essary  for  operation  of  the  Frank-Reed  source  is  5.10"^  sec 


^  The  Schmid  orientation  factor  is  taken  as  maximal  —  0.5. 
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with  a  strass  on  the  order  of  10  This  time  is  at 

least  an  order  of  maftnitude  less  than  the  time  of  effect 
of  a  shock  wave,  and  by  increaslnp,  the  load  (during  pulsed 
deformation  it  is  far  f^reater  than  10****)  it  is  reduced  even 
more. 

Formation  of  Point  Defects 


The  formation  of  point  defects  durinp  the  motion  of 
dislocations  was  first  examined  by  Seitz  [SSl.  As  a  result 
he  suf^gested  several  mechanisms  for  this  process,  including 
the  formation  of  point  defects  during  the  displacement  of 
dislocations  with  thresholds. 


b 


Figure  21.  Diagram  of  the  notion  of  low>velocity  (a)  and  high 
velocity  (b)  dislocation  loops,  bounded  by  the  the  thresholds 
A  and  B  [28]. 

1.  Direction  of  threshold  motion 


If  a  dislocation  having  thresholds  A  and  B  (Figure  21 
a)  moves  through  the  crystal  at  subsonic  velocity,  then  a 
segment  of  the  dislocation  line  is  formed  between  the  thresh¬ 
olds  that  is  perpendicular  to  the  glide  plane  of  the  dislo¬ 
cation  coinciding  with  the  plane  of  the  drawing. 

In  this  ease  the  purely  edge  thresholds  have  the  vec¬ 
tor  b  with  the  same  direction  as  the  Burgers  vector  of  the 
basic  part  of  the  dislocation  line.  Such  a  conservative  mo¬ 
tion  of  the  thresholds  in  the  glide  plane  does  not  lead  to 
the  formation  of  new  point  defects  [28,  55]  and  the  character 
of  the  threshold  displacement  does  not  depend  on  the  type  of 
dislocation. 

During  motion  of  the  dislocations  at  velocities  near 
the  sonic,  the  stress  acting  on  the  dislocation  line  tends  to 


infinity  and  the  nunber  of  kinks  to  zero  (ri^ure  21  )  [28]. 

Under  these  conditions,  both  conservative  and  noncons.  .'vative 
motion  of  the  thresholds  is  nossible.  The  force  component 
of  the  conservative  motion  is  proportional  to  the  anple 
At  hiph  velocities  of  displacement,  when  the  anple  0  is 
small,  a  nonconservative  motion  of  the  thresholds  A  and  B 
sets  in  for  which  point  defects  are  formed.  The  concen¬ 
tration  of  defects  is  prcater  as  the  dislocation  displace¬ 
ment  velocity  is  hipher. 

Interaction  of  Dislocations 


The  interaction  of  dislocations  has  preat  sirnifieance 
for  final  formation  of  the  dislocation  structure.  The  form¬ 
ation  of  thresholds,  annihilations,  alignment  of  dislocations 
at  the  wall,  the  formation  of  point  defects  --  all  these  pro¬ 
cesses  are  determined  to  a  larpe  depree  by  the  interaction 
of  the  dislocations. 

If  there  are  two  parallel  Burpers  dislocations  lo¬ 
cated  at  a  distance  r  from  one  another,  then  the  force  of 
the  interaction  between  them  may  be  defined  similar  to  the 
force  actinp  between  two  point  electric  charpes: 

(26> 


where  G  is  the  modulus  of  shift. 


The  force  acts  along  the  radius  connectinp  the  two 
dislocation  lines,  and  if  ^  then  it  will  be  repuls¬ 

ive  (♦);  if  S^bj  <  0  then  it  will  be  attractive  (-).  This 

simple  interaction  of  the  Burpers  dislocations  does  not  de¬ 
pend  on  the  dislocation  displacement  velocity,  and  conse¬ 
quently  is  retained  durinp  hiph- /elocity  deformation. 


The  interaction  of  two  edpe  dislocations  is  more  com¬ 
plex.  If  two  edpe  dislocations  are  arranped  in  parallel 
plide  planes  (on  Fipure  22  the  dislocations  are  conventionally 
denoted  by  the  points),  then  the  effect  of  one  of  them  (placed 
at  the  oripin)  on  the  second  is  determined  by  two  forces: 
the  radial  F  and  the  tanpential  Fg: 


P _ i 

2.1(1- f«)  r' 

^  Gbihf  sin  20 


(26a) 

(27) 


Takinp  into  account  the  maior  properties  of  the  edpe 
dislocations  --  the  conservativeness  of  the  motion  in  the 
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primary  ^lide  plane,  we  can  determine  the  resultant  force 
acting  on  the  dislocation  in  this  nlane  from  the  equation 

St  _ D  _ Gbtbt _ 


=  f,- fo  ==  2^4  COS0COS20. 


Formula  (28)  in  the  x-y  coordinates  will  have  the  form: 


0g,5,  x{x\—y‘) 


The  stressed  state  produced  by  the  presence  of  an 
edge  dislocation  is  one-dimensional  and  does  not  depend  on 
the  third  coordinate.  From  formula  (29)  it  is  easy  to  see 
that  the  sign  of  the  stress  will  depend  on  where  the  dis¬ 
locations  in  the  neighboring  planes  are  located  (that  is, 
what  are  the  coordinates  of  x  and  y)  with  respect  to  the 
dislocation  found  at  tho  origin.  Figure  23  shows  the  re¬ 
gions  of  mutual  attraction  and  repulsion  of  the  edge  dis¬ 
locations  having  identical  sign  ^ 

tions  with  different  sign  ^  picture  will  be 

the  reverse. 


Figure  22.  Radial  F^  and  tangential  Fg  forces,  acting  be¬ 
tween  two  edge  dislocations  located  in  parallel  glide  planes. 


As  shown  by  Weertman  C28]  the  angle  of  slope  o(  of  the 
lines  dividing  the  fields  of  different  interaction  of  two 
edge  dislocations  depends  on  the  velocity  of  their  displace¬ 
ment.  If  the  dislocations  are  found  in  a  state  of  rest  or 
are  being  displaced  at  a  low  velocity,  the  angle  o(  is  equal 


^  The  first  index  shows  the  direction  of  the  effect  of  the 
stress  component,  and  the  second  —  the  direction  of  the 
normal  to  the  area  on  which  this  stress  acts. 
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to  45®;  by  increasing  the  velocity  of  the  dislocation  motion 
this  ancle  is  decreased. 


H 


I 


Figure  23^  _SiRns  of  stress  fields  for  uniform  edge  dislo¬ 
cations  (£^^£2  >  0)  as  a  function  of  their  mutual  arrangement. 

Figure  24  a  shows  the  fields  of  interaction  of  two  dis¬ 
locations.  The  dislocation  displacement  velocity  here  is 
rather  high,  however  it  is  less  than  the  propagation  velocity 
of  the  Rayleigh  waves  in  a  given  material.  If  the  velocity 
of  the  edge  dislocation  exceeds  o  ,  then  in  one  and  the  same 
glide  plane  the  two*  unlike  dislocations  will  be  attracted 
rather  than  repelled  (Figure  24  b). 


a  h 

Figure  24.  Fields  of  interaction  of  two  uniform  dislocations 
(S1S2  >  0)  when  v^  <  c^  (a)  and  v^  >  c^  (b). 

The  mechanism  suggested  by  V/eertman  for  the  interac¬ 
tion  of  high-velocity  dislocations  has  as  yet  no  direct  con¬ 
firmation,  but  we  do  know  that  there  are  differences  in  the 
ultimately  formed  dislocation  structures  ootained  at  various 
deformation  velocities.  In  particular  we  can  mention  the 
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anomalously  high  mobility  of  edge  components  of  the  dislo¬ 
cation  loops  in  bcc  metals  during  high-velocity  deformation. 
This  will  be  discussed  in  detail  in  Chapter  4. 

2.  Methods  of  Studying  Glide  in  Metals 


Different  methods  are  used  to  determine  the  elements 
of  glide  and  to  study  the  development  of  glide  deformation; 
these  can  be  divided  into  two  basic  groups: 

Direct  methods  of  metallographic ,  radiographic »  and 
electron-microscopic  research; 

Indirect  methods  based,  for  example,  on  analysis  of 
the  changes  in  crystal  orientation  or  texture  of  a  poly¬ 
crystalline  sample  in  the  deformation  process. 

Let  us  examine  several  of  these  methods  in  more  detail. 


Investigation  of  Glide  Tracks 

Glide  tracks  are  generated  on  the  polished  surface  of 
a  deformed  crystal  when  the  yield  stress  is  reached;  these 
are  lines  of  intersection  of  the  glide  plane  with  the  outer 
surface  of  the  crystal.  If  no  special  reagents  are  used 
the  glide  lines  can  then  be  distinguished  from  the  deforma¬ 
tion  tracks  of  another  type  in  that  after  polishing  and 
etching  they  are  clear  in  the  field  of  the  thin  section.  „ 

In  a  number  of  cases  the  glide  lines  are  caused  by  etching, 
With  a  low  dislocation  density  the  glide  lines  may  be  ob¬ 
served  along  the  etching  holes.  We  know  that  a  glide  track 
is  a  step  with  a  given  shift,  the  size  of  which  can  be  es¬ 
tablished  by  using  an  interference  microscope.  By  using 
an  electron  microscope  [57,  58]  it  was  established  that  the 
glide  track  has  a  complex  structure:  it  consists  of  bundles 
of  glide  lines  remaining  at  a  distance  of  20-25  n'm  (200-250 
A)  from  one  another.  Each  such  line  is  a  track  of  the  ele-  . 
mentary  step  on  the  glide  plane.  To  denote  the  glide  ele¬ 
ments  we  use  the  terminology  used  in  reference  [58].  Glide 
bands  are  such  tracks  in  which  individual  glide  lines  can  be 
detected  by  using  electron  microscopic  analysis  of  the  images. 
Such  lines  create  a  step.  Still  finer  glide  tracks,  distiii- 
guished  only  in  an  electron  microscope,  are  called  micro¬ 
glide.  The  definitions  used  are  illustrated  on  Figure  25, 

By  studying  the  appearance  of  glide  lines  in  the  pro¬ 
cess  of  crystal  deformation,  we  can  also  obtain  extensive 

3 

The  compositions  of  the  reagents  for  the  most  widely  used 
metals  and  alloys  are  given,  for  examnle,  in  reference  [56], 
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information  on  the  mechanism  of  the  process.  Analysis  of 
the  f^lide  tracks  permits  determining  the  Indices  of  the 
glide  planes.  For  this  purpose,  using  x-ray  or  metallogra- 
phic  data,  we  can  establish  the  crystal  orientation  in  space 
and  the  position  of  the  axis  of  the  sample  relative  to  the 
major  axes  of  the  crystal.  As  an  example  let  us  look  at  an 
interpretation  of  the  effective  glide  nlane  for  fee  metals 
[59]. 


( 1 )  Hs/ioca  CKOJikximtit 


Figure  25.  Diagram  of  glide  traeks. 

1.  Glide  band  3.  Glide  sten 

2.  Glide  line  4.  Mieroglide 


Figure  26  shows  the  orientation  of  the  axis  of  ten¬ 
sion  of  a  crystal  inside  a  standard  triangle. 

As  metallographic  Investigations  have  shown,  the 
angle  between  the  glide  track  and  the  direct.^ •'>n  of  the 
axis  of  the  sample  on  two  mutually  perpendicular  planes 
is  43  and  46. 5**.  Based  on  these  angl;.*  ws  have  constructed 
a  stereographic  projection  of  the  glide  plane.  The  projec¬ 
tion  of  the  crystal  and  the  glid  plane  are  plotted  with 
solid  lines.  The  pro'^.ection  of  the  crystal  agrees  with 
the  plane  ABCO  of  the  sample  (see  the  diagram  of  the  sam¬ 
ple).  The  dotted  lines  are  used  to  nlot  the  standard  pro¬ 
jection  of  the  crystal.  By  combining  the  projection  of 
the  crystal  with  the  standa.'d  projection  the  normal  to  the 
glide  plane  N  coincides  with  the  normal  to  the  plane  N* , 
determined  analytically.  From  Figure  26  it  is  clear  that 
the  plane  determined  from  the  metallogranhic  data  agrees 
with  the  plane  (ill)  with  an  accuracy  un  to  two  degrees, 
and  the  direction  of  glide  with  the  direction  <110>. 

The  ind'icas  of  the  glide  plane  can  be  easily  estab¬ 
lished  if  we  know  the  angle  A  between  the  glide  plane  and 
the  surface  of  the  crystal,  as  well  as  the  crystallographic 
orientation  of  the  crystal.  By  investigating  ths  glide 
tracks  in  an  electron  microscope,  where  their  fine  struc¬ 
ture  is  well  resolved,  using  the  method  of  a  latex  globe 
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[603  th«  height  of  aach  individual  line  is  determined.  Know- 
ing  the  height  and  the  width  of  the  glide  line,  we  can  meas¬ 
ure  the  angle  X.  These  statements  are  valid  if  we  assume 
that  the  glide  track  is  the  result  of  displacement  along 
one  plane.  Proof  of  the  individual  glide  as  yet  has  been 
found  only  for  alpha-brass  [61]  and  alloys  of  Al-Mg  [62]. 


Figure  26.  Determination  of  the  Indices  of  the  glide  plane 
according  to  the  known  crystal  orientation  with  respect  to 
the  axis  of  tension. 

1.  Glide  plane  3.  '  Direction  of  glide 

2.  Axis  of  sample  4.  Glide  plane 


In  aluminum  and  a  number  of  alloys,  gliding  in  the 
track  takes  place  in  a  bundle  uf  planes  [63].  Moreover, 
from  reference  [64]  it  follows  that  the  distribution  of 
displacements  in  the  planes  of  the  glide  bundle  may  be  both 
uniform  and  non-uniform. 

The  general-purpose  method  for  studying  glide  tracks 
using  images  and  for  observing  them  in  an  electron  micro¬ 
scope  was  suggested  in  reference  [65].  In  this  method,  to 
establish  the  distribution  of  displacement  over  the  width 
of  the  glide  track  and  to  study  the  plastic  deformation  in¬ 
side  the  crystal,  we  can  use  either  coherent  separation  from 
the  matrices,  or  the  edge  of  the  etching  hole,  or  scratches 
drawn  on  the  surfacs. 
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rigure  27.  Glide  lines  on  the  surface  of  an  aluminum  sinr.le 
crystal  [67]:  a.  after  hi^h-velocity  deformation;  b,  after 
quasi-static  deformation. 


After  measurinp,  the  relative  displacement  of  the  indi¬ 
vidual  amounts  of  separation,  arranged  on  different  sides  of 
the  glide  track,  as  well  as  the  width  of  the  track,  we  can 
quantitatively  evaluate  the  total  displacement  in  the  glide 
track,  determine  the  thickness  of  the  glide  bundle,  and  es¬ 
tablish  where  the  glide  takes  place  --  in  one  atomic  plane 
or  in  a  bundle  of  planes. 

Simple  crystallographic  analysis  on  the  basis  of  the 
known  direction  of  the  glide  track  permits  determining  the 
crystallographic  indices  of  the  direction  of  glide. 

It  is  quite  important  that  by  studying,  the  glide  lines 
at  different  degrees  of  deformation  we  can  not  only  5udge  as 
to  the  effective  glide  systems,  but  also  trace  the  stages  of 
the  deformation  process. 

As  Hader  and  Seger  [63]  showed,  the  glide  lines  have 
a  different  structure  at  different  stages  of  deformation. 

At  the  first  stage  of  deformation  when  one  glide  plane  is 
effective,  the  height  of  the  steps  is  increased  and  the  length 
of  the  glide  lines  actually  remains  constant.  At  the  second 
stage  the  length  of  the  newly  generated  glide  lines  is  de¬ 
creased  with  increase  in  the  degree  of  deformation.  At  the 
third  stage  the  development  of  transverse  glide  is  observed; 
in  this  case  the  glide  bands  are  slightly  widened,  and  the 
glide  between  bands  practically  ceases. 

Change  in  the  temperature  and  velocity  of  the  process 
at  one  and  the  same  degree  of  deformation  changes  the  char¬ 
acter  of  the  glide  tracks.  Brawn  [66]  showed  that  by  in- 


-51- 


; 

4 


i 

I 

I 

3 

I 


creasini!  th«  temperature  or  reducing  the  deformation  velocity, 
the  number  of  elementary  planes  in  the  plide  tracks  increases. 

loshida  and  Napata  [67]  found  that  a  deformation  velocity  of  10 
3 

10  sec  the  density  of  the  plide  lines  in  sinple  crystals  of 
aluminum  is  significantly  increased  (Figure  27),  this  being 
associated  with  growth  in  the  number  of  effective  dislocation 
sources.  According  to  the  data  of  these  authors,  the  type 
of  the  glide  tracks  in  zinc  and  Conner  does  not  change  at 
high  deformation  velocities  [66]. 

By  analyzing  the  character  of  the  distribution  of 
glide  lines,  we  can  judge  as  to  the  chan;  .'in  the  disloca¬ 
tion  structure.  The  length  of  the  glide  lines  characterizes 
the  length  of  the  dislocation  path  and  its  change  as  a  func¬ 
tion  of  stress  or  deformation.  The  height  of  the  sten,  form¬ 
ing  on  the  glide  line,  is  pornortional  to  the  number  of  dis¬ 
locations  based  on  the  Frank-Reed  source,  i.e.,  nronortional 
to  the  number  of  the  dislocation  groups  of  one  sign  [69]. 
Investigations  of  the  structure  of  glide  lines  by  transillu¬ 
mination  confirmed  that  the  steps  are  generated  during  de¬ 
formation  as  a  result  of  the  orecipitatlon  of  dislocations 
onto  the  surface  of  the  metal  [70], 

In  metals  with  a  high  energy  of  the  nacking  defects, 
after  high-  and  low-velocity  deformation,  metallogranhic 
analysis  reveals  straight  glide  lines  and  electron  micro¬ 
scopic  analysis  reveals  a  cellular  structure  in  the  glide 
track  [61], 


Figure  28.  Diffraction  of  electrons  on  foil  containing  one 
edge  dislocation  at  point  Ci  is  the  diffraction  bundle 

from  the  region  containing  the  dislocation;  E2  is  the  same, 

from  the  region  not  containing  the  dislocation. 


Let  us  assume  that  the  foil  examined  in  an  electron 
microscope  contains  one  edpe  dislocation  (Fif^ure  28).  If 
the  crystal  is  found  in  some  random  position ,  not  precisely 
corresponding  to  the  reflectinp,  one  (Hulff^Branr) »  then  the 
deformation  results  under  the  tjulff>Braff  condition  near  the 
dislocation  are  satisfied  better  than  in  the  entire  crystal, 
and  consequently  the  intensity  of  the  diffracted  bundle 

on  this  segment  is  f.reator.  Since  in  the  microscope  the 
diffracted  ray  is  intercepted  by  the  ob-^ective  aperture  and 
only  the  straip.ht  ray  passes  through,  on  the  segment  corres* 
pondlnp  to  the  imaf.e  of  the  dislocation  the  intensity  is 
less,  i.e.,  a  dark  line  is  visible.  From  Figure  29  it  is 
clear  that  the  existence  of  contrast  depends  also  on  the 
position  of  the  dislocation  with  respect  to  the  primary  bun¬ 
dle.  The  planes  of  the  lattice,  parallel  to  the  Burners 
vector,  are  not  distorted,  and  therefore  can  not  alter  the 
intensity  of  the  diffracted  rays.  Mathematically  this  con- 
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Figure  29.  Mutual  arrangement  of  the  diffraction  vectors 
(n)  and  the  Burgers  vector  of  the  dislocation  (B).  The  con¬ 
trast  from  the  dislocation  arises  when  nE  «  0. 


dition  corresponds  to  (nB)  *0,  where  n  is  the  vector  per¬ 
pendicular  to  the  plane  of  the  crystal,  and  E  is  the  Burgers 
vector  of  the  dislocation.  The  Burgers  vector  can  be  determ- 
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ined  from  this  condition  by  knowing  the  indices  of  the  planes, 
upon  reflection  from  which  the  imaf;e  of  the  dislocation  dis¬ 
appears. 

The  Burgers  vector  can  be  determined  in  practice  from 
the  slope  of  the  sample  using  a  gonionetric  device. 


This  method  permits  not  only  determining  the  effective 
glide  system,  but  also  individually  computing  the  density  of 
the  dislocations  having,  different  Burgers  vectors.  A  sub¬ 
stantial  disadvantage  in  this  method  is  that  it  may  be  used 
only  for  small  degrees  of  deformation  (5-10%). 


X-Ray  Methods 


This  method  is  most  often  used  to  determine  the  glide 
elements  [74]. 


When  it  is  possible  to  direct  the  x-ray  perpendicular 
to  the  glide  plane,  the  indices  of  this  plane  can  be  estab¬ 
lished  on  a  Laue  diffraction  pattern.  The  indices  of  the 
glide  direction  are  determined  by  a  rotating-crystal  x-ray 
photograph. 

Based  on  the  change  in  orientation  of  single  crystals 
in  the  process  of  plastic  deformation  we  can  recognize  the 
glide  elements.  The  direction  in  the  glide  plane  toward 
which  the  longitudinal  axis  of  the  sample  approaches  in  the 
process  of  tension,  is  the  direction  of  glide. 

In  metals  with  fee  and  hexagonal  close-packed  lat¬ 
tices  the  glide  planes  can  be  fudged  by  rotating  the  lattice 
in  the  process  of  contraction  —  in  this  case  the  direction 
of  the  normal  to  the  glide  Plane  is  changed,  approaching  the 
direction  of  the  effect  of  the  force. 


However  the  simultaneous  effect  of  many  glide  systems, 
for  example  of  bcc  metals,  makes  analysis  difficult. 

The  glide  elements  are  also  determined  by  asterism. 

We  assume  that  asterism  is  caused  by  rotation  of  the  glide 
plane,  in  this  case  the  axis  of  asterism  during  tension  is 
found  in  the  glide  plane  and  perpendicular  to  the  direction 
of  glide  [75].  Consequently,  by  finding  the  axes  of  the 
clearly  expressed  asterism,  we  can  also  establish  the  plane 
and  the  direction  of  glide. 

Usually  to  find  the  axis  of  asterism  we  use  the  regis¬ 
tration  of  reflections  involving  a  photographic  method,  however 
it  permits  obtaining  reliable  results  only  at  small  degrees  of 
deformation  (less  than  10%)  due  to  the  weak  intensity  of  the 
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reflections.  More  promislnf'  is  the  diffractonetric  net  hod 
which  permits  finding  the  various  reflections  of  the  sinpls 
crystal  in  the  reflectinft  position  and  usinp  a  counter  to 
determine  the  fine  form  of  the  reflection  in  various  cross 
sections  of  inverse  space.  In  analyzing  polycrystalline 
materials  by  x>ray  methods  it  is  impossible  to  determine 
uniquely  the  effective  f^lide  system,  however  we  can  make 
a  choice  amon;;  several  systems. 

Indirect  Methods  of  Evaluating  the  Glide  Elements 


In  the  process  of  plastic  deformation,  when  a  plastic 
displacement  takes  place,  the  orientation  of  the  individual 
crystals  is  altered  in  space.  If  in  the  orif^inal  sample  prior 
to  deformation  there  was  already  an  orientation,  then  under 
the  influence  of  such  a  displacement  a  fracture  takes  place 
of-  the  old  orientation  and  a  new  orientation  is  formed  [76]. 
Plastic  deformation  of  the  individual  {trains  of  the  oriented 
polycrystalline  sample  can  be  compared  with  the  plastic  de> 
formation  of  a  slnfile  crystal  havinp,  the  same  orientation 
(grain»boundary  effects  are  not  taken  into  account  in  this 
case).  Then  the  stress  (T,  at  which  fracture  of  the  old  or¬ 
ientation  begins,  can  be  determined  from  the  criticcal  stress 

2*  corresponding  to  the  onset  of  glide  in  the  different  glide 
cr 

planes  of  the  single  crystal  with  a  given  orientation: 


Ter"-  o 'COS  <p  cos  1,  ( 30 ) 

where  is  the  angle  between  the  normal  to  the  glide  plane 
and  the  force;  %  is  the  angle  between  the  direction  of  glide 
and  the  force. 

If  prior  to  deformation  there  were  several  orienta¬ 
tion  maxima  in  the  sample,  corresponding  to  the  different 
orientations,  then  in  order  of  their  fracture  we  can  estab¬ 
lish  whether  the  suggested  glide  system  is  effective  in  the 
given  case. 

If  we  know  the  direction  of  the  effective  stress  we 
can  compute  the  Schmid  orientation  factor  (cos  cos  TV)  for 
the  different  systems  of  glide,  and  then  the  displacement  of 
the  orientation  maximum  as  a  result  of  glide  in  the  given 
system.  Here  we  take  into  account  that  glide  in  the  plane 
along  the  determined  direction  is  equivalent  to  rotating  the 
crystal  around  the  normal  to  the  plane  and  the  direction  of 
glide.  Thus,  we  can  determine  the  possible  glide  systems 
for  a  given  orientation  of  the  crystals  and  compare  the  the¬ 
oretically  computed  change  in  form  of  the  pole  figure  with 
that  found  experimentally. 
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Of  the  indirect  methods  permittinf;  us  to  find  the 
characteristics  of  the  fine  structure  of  metals  after  de- 
formation,  and  also  give  a  qualitative  picture  of  the  change 
in  the  deformation  mechanism,  it  follows  to  mention  the  x-ray 
methods  that  permit  us  to  determine  the  intragranular  dis¬ 
orientation  of  regions  of  coherent  scattering.  Rovinskiy 
and  Rybakova  [77]  suggested  for  measuring  the  disorientation 
to  use  the  method  of  measuring  the  magnitude  of  the  reflec¬ 
tion  obtained  from  an  individual  crystallite  of  a  fixed  sam¬ 
ple.  Further  development  of  this  method  [78]  permitted  fin¬ 
ding  the  computational  formulas  which  connect  the  radial 
and  the  azimuthal  broadening  of  the  reflection  with  the 
parameters  of  the  internal  structure  of  the  crystallite  and 
the  geometry  of  the  photograph.  In  these  works  it  was 
shown  that  the  most  favorable  geometry  that  will  ensure  a 
high  resolution  is  that  at  which  bundles  with  a  small  angle 
of  convergence  are  used  in  the  azimuthal  direction  and  a 
large  angle  in  the  radial  direction.  Determination  of  the 
disorientation  based  on  azimuthal  broadening  is  more  precise. 

Hirsh  [79]  suggested  a  method  for  studying  the  sub- 
granular  disorientation  using  a  microbundle.  Such  condi¬ 
tions  for  the  photographing  permit  connecting  the  azimuthal 
broadening  of  the  reflection  with  the  angular  characteris¬ 
tics  of  the  substructure. 

In  reference  [80]  for  determining  the  substructure 
the  method  of  an  oscillating  curve  was  suggested  by  using 
the  diagram  of  a  double  crystal-spectrometer.  Monochroma¬ 
tism  of  the  primary  bundle  is  used  to  reach  a  decrease  in 
the  angle  of  convergence  and  removal  of  the  heterogeneity 
in  radiation,  which  facilitates  a  high  resolution.  However 
in  this  case  the  intensity  of  the  reflected  ray  is  sharply 
diminished. 

All  these  methods  require  the  photographic  registra¬ 
tion  of  the  reflection  and  are  quite  time-consuming.  By 
increasing  the  angle  of  disorientation  the  magnitude  of  the 
reflection  grows,  its  intensity  drops,  and  measurement  of 
the  dimensions  becomes  only  slightly  reliable.  Furthermore, 
the  overlapping  of  reflections  from  different  crystallites 
also  decreases  the  resolving  power  of  the  methods.  In  ref¬ 
erences  [81,  82]  it  was  shown  that  a  substantial  disadvan¬ 
tage  of  the  photographic  methods  of  determining  the  sub- 
granular  disorientation  is  that  the  individual  crystallite, 
the  reflection  from  which  is  being  studied,  is  not  brought 
to  the  maximally  reflecting  position.  Therefore  in  an  un¬ 
oriented  sample  the  amount  of  the  orientation  is  determined 
that  is  decreased  in  comparison  with  the  maximal  by  approx¬ 
imately  20%.  In  an  oriented  material  this  error  is  still 
higher  and  depends  on  the  conditions  of  the  photography,  the 
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sharpness  of  the  orientation,  etcetera.  In  these  referen¬ 
ces  for  deterninarion  of  sufficiently  larp.e  disorientations 
(C*  >  20')  it  is  reconimended  to  use  the  dif fractometric  method, 
and  for  increasinf;  the  resolution  by  retaining  a  sufficient 
intensity  of  the  bundle,  it  is  recommended  to  set  up  a  nar¬ 
row  slit  on  the  x-ray  tube. 


Geometry  of  Glide 


Glide  is  accomplished  by  the  parallel  displacement 
of  one  volume  of  the  crystal  relative  to  the  other  alonR 
predetermined  planes  and  directions.  The  directions  of 
the  glide  are  always  such  that  they  are  most  densely  packed 
with  atoms,  and  the  planes  of  glide,  as  a  rule,  are  the 
planes  with  the  greatest  reticular  density.  This  also  fol¬ 
lows  from  the  formula  [20],  vjhich  can  be  rewritten  in  the 
form: 


where  a  Is  the  interplanar  spacing;  B  is  the  Burgers  vector 
of  complete  dislocation. 

From  expression  (31)  it  follows  that  the  resistance 
to  displacement  is  minimal  in  the  planes  with  the  densest 
packing  of  atoms  (maximal  value  of  a)  in  the  direction  of 
minimal  displacement  of  the  atoms.  One  exception  to  this 
rule  involves  the  ion  crystals  with  an  NaCl-type  lattice 
in  which  the  glide  occurs  along  the  direction  of  least 
atomic  density  (110),  and  the  glide  plane  (110)  is  not  the 
plane  of  the  densest  packing.  This  is  because  in  these 
crystals  the  electrostatic  forces  exert  a  resistance  to 
glide  along  the  planes  (100).  However  at  elevated  temper¬ 
atures  and  in  ion  crystals,  as  was  shown  on  MgO  in  refer¬ 
ence  [83],  gliding  is  observed  along  the  densely  packed  plane 
(100). 

As  follows  from  Table  9  the  effect  of  these  or  other 
glide  systems  in  the  general  case  depends  on  the  type  of 
crystal  lattice,  temperature,  and  deformation  velocity. 

In  fee  metals  the  glide  takes  place  as  a  rule  along 
twelve  diffex'ent  systems  of  £ll3i<110>.  Only  in  aluminum, 
other  than  the  octahedral,  was  there  also  observe  glide  along 
the  systems  (lOOXOll).  Data  do  exist  which  indicate  that  in 
polycrystalline  copper  with  significant  degrees  of  deforma¬ 
tion  gliding  develops  along  the  non-octahedral  planes  [76]. 
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Table  9,  Elements  of  Glide  in  Different  Metals 


[Continued  from  previous  paf'ej 


1  1 

1 

Cd 

(0001) 

<11^> 

(lOlO) 

<1210) 

[941 

(1122) 

(1123) 

(1011) 

<1210) 

a-Tl 

(lOTO) 

<ll2b> 

[951 

(0001) 

<1120) 

— 

— 

(1011) 

(1120) 

• 

Zr 

(loTo) 

<11M> 

[2721 

(10T3) 

" 

Be 

(0001) 

<1120) 

(lOTO) 

(1120) 

(1010) 

<1120) 

(lori) 

<11M) 

— 

(92) 

(10T2) 

<1120) 

— 

(1013) 

<1120) 

— 

(10T4) 

<1120) 

— 

(1121) 

Co 

(0001) 

<1120) 

— 

— 

1.  Type  of  crystal  lattice 

2.  Metal 

3.  At  normal  and  low  tempe¬ 
ratures 

4.  Glide  systems 

5.  Additional  systems 

6.  Durint?  hip.h-tempcrature 
deformation 

7.  Durinp  high-velocity 
deformation 


8*  Literature 
9,  Face-centered  cubic 

10,  Body-centered  cubic 

11.  Hexagonal  densely-packed 
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In  order  to  examine  the  sequence  of  the  development 
of  glide  in  an  fee  crystal  during  quasi-static  deformation, 
we  use  a  stereographic  projection  of  the  crystal  (Figure  30) 
The  axis  of  tension  or  contraction  of  the  crystal  may  always 
bt:  represented  on  this  projection  in  the  form  of  a  point, 
the  apexes  of  which  are  the  projections  of  planes  of  the 
type  (100),  (110),  and  (111). 

Let  us  assume  that  the  axis  of  tension  agrees  with 
the  projection  of  the  direction  C531]  in  a  given  crystal. 
Using  the  known  expression  for  determining  the  cosine  of 
the  angle  between  the  two  crystallographic  directions  in 
a  cubic  crystal,  we  can  determine  the  Schmid  coefficient 
for  different  glide  systems. 

The  respective  computations  for  the  case  when  the 
axis  of  tension  coincided  with  the  direction  [531],  are 
shown  on  Table  10. 
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Figure  30.  Stereographic  projection  of  a  crystal.  The 
arrow  shows  the  change  in  orientation  of  the  sample  during 
tension. 


With  the  orientation  of  the  crystal  giver,  on  Figure 
30  for  all  glide  systems  the  Schmid  factor  is  non-sero. 
However,  glide  in  this  crystal  begins  in  the  primary  system, 
since  the  Schmid  factor  has  a  maximal  value  for  it  and 


here  for  the  first  time  the  stresses  of  the  displacement 
exceed  the  critical  value.  Then  the  critical  and  conjugate 
systems  enter  into  the  effect.  Glide  along  any  of  the  sys¬ 
tems  [lllj^llO^  niay  be  represented  as  the  rotation  around 
one  of  the  axes  <112^.  Thus,  glide  along  the  primary  sys¬ 
tem  leads  to  the  rotation  of  the  crystal  and  to  change  in 
the  primary  Schmid  coefficients.  As  a  result  of  this,  after 


Table  10. 


CoBputation  of  the  Sch  Id  Ooefficlanto  for  Glide 
Systems  Durinp  Orientation  of  the  Crystal  L531J 


djttMeiiTii  eNcreMU  ^ 
CKMIkMtflNlI  (  j[  ) 

C0t9 

“  eo»X 

cot  9  cos  X 

CttCTtMt 

(4) 

rr^ocKocTi* 

(2) 

tiatipiMeHne 

(3) 

ilT 

101 

0,654 

0,717 

0,468 

ncpmiNHOR 

Oil 

0,479 

0,313 

no 

0,239 

O.ISC 

(5) 

iTi 

no 

0,280 

0,959 

0,268 

ConpxMeH' 

on 

0,479 

0,134 

(sr*' 

loT 

0,479 

0,134 

in 

loT 

0,842 

0.479 

0,403 

Kpimiic* 

no 

0,239 

0,201 

CKRR 

on 

0,239 

0,201 

(7) 

iir 

101 

0,093 

0,717 

0,067 

noncpcmiSR 

on 

0,239 

0,022 

no 

0,959 

0,089 

(8) 

1,  Elements  of  the  glide  system  5. 

2.  Plane 

3.  Direction  '• 

4,  System 


Primary 

Conjugate 

Critical 

Transverse 


of  the  ixirSf’^USJiof^ovSs";  i%:«t'riJri;,'Sp?roSchijg* 

^Hts^'cIJrirsSowrSy^iiJ'arroI;!  ?iriSangpn"rientatiin 

IS  this  JaU  is  a  function  of  the  deformation. 

However  the  direction  cf  glide 

th«  axis  of  tension  at  some  stage  of  the  de 

:H";u°««5::rr.“coii:*.^ut!  «d 

systems. 

Ob.  .t.r.  ■-i?ipr.\nr.*:i.f; 

!r:!:^Gn^“i:rs;rb.jris;a!:‘Jio53*:rdl"uiri^H.  dj. 

rection  of  the  axis  \211^. 
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It  Is  sif^nif icantly  more  complex  to  establish  the 
effective  glide  systems  in  metals  with  a  body-centered  cu¬ 
bic  lattice.  Cox  et  al  [84]  assume  that  glide  in  alpha- 
iron  may  take  place  in  any  plane  of  the  zone  with  the  di¬ 
rection  ^111^.  But  Burret  et  al  [85]  and  Allen  et  al  [86], 
observing  the  glide  lines,  came  to  the  conclusion  that  glide 
takes  place  only  along  the  planes  (110),  (112),  and  (123). 
Many  researchers  mention  that  there  is  a  tendency  to  gliding 
alon.g  the  planes  (110)  when  the  temperature  is  lowered  below 
room  temperature  and  the  deformation  velocity  is  increased. 
Such  a  discrepancy  in  the  indexing  is  explained  by  the  un¬ 
dulation  in  the  glide  lines  (non-crystallographic  type)  in 
alpha-iron. 

If  the  glide  takes  place  strictly  in  one  series  of 
planes,  then  the  glide  lines  are  rectilinear.  In  the  gen¬ 
eral  case,  the  complex  glide  surface  can  be  represented  as 
consisting  of  a  series  of  rectilinear  segments,  on  each  of 
which  the  glide  takes  place  along  a  determined  plane,  and 
the  direction  of  glide  remains  constant.  Such  glide  is 
reminescent  of  the  longitudinal  shift  in  bundle  of  pencils, 
therefore  it  is  called  "pencil"  glide.  It  takes  place  in 
the  presence  of  several  systems  of  glide  having  a  common 
shift  vector. 

The  appearance  of  undulating  glide  tracks  is  associ¬ 
ated  with  the  characteristics  of  dislocation  in  the  alpha- 
zone.  Fridel  [87]  showed  that  in  pure  bcc  metals  the  dis¬ 
locations  are  not  split  into  partial  ones  and  give  no  pack¬ 
ing  defects  as  in  fee  crystals.  The  unsplit  Burgers  dis¬ 
locations  in  first  approximation  have  no  primary  plane  for 
glide,  therefore  we  can  expect  that  they  will  be  displaced 
in  the  planes  with  maximal  effective  shearing  stresses  in¬ 
dependent  of  whether  the  given  plane  is  more  densely  packed 
or  not. 

This  was  experimentally  shown  by  Low  and  Guard  on 
single  crystals  of  an  Fe-Si  alloy  [88].  They  proceedec  from 
the  fact  that  the  glide  line  is  formed  during  the  emergence 
of  the  dislocation  loop  to  the  surface  of  the  crystal,  here 
however  they  somehow  took  into  account  t.  \t  the  surface  of 
the  crystal  is  oriented  with  respect  to  to  the  Burgers  dis¬ 
location  vector.  If  the  Burgers  vector  of  the  edge  dislo¬ 
cation  is  perpendicular  to  the  plane,  then  a  step  is  gene¬ 
rated  --  the  glide  line;  if  it  is  parallel,  then  no  step 
appears.  The  method  of  etching  permitted  finding  the  dif¬ 
ference  in  motion  of  the  edge  and  the  Burgers  dislocations 
in  the  bcc  lattice.  They  found  that  on  the  surface  perpen¬ 
dicular  to  the  edge  component  of  the  dislocation,  the  glide 
lines  are  straight  and  correspond  to  the  glide  along  the 
planes  (Oil),  and  on  the  surface  parallel  to  the  edge  com- 
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ponent  the  nlide  lines  are  undulatinr.  and  here  it  is  impos¬ 
sible  to  determine  the  preferred  r.lidc  plane.  On  this  sur¬ 
face  the  pl'd.de  track  may  be  formed  only  as  a  result  of  the 
emergence  of  the  Burgers  dislocations  onto  the  surface.  In 
this  respect  the  authors  came  to  the  conclusion  that  the 
edge  dislocations  in  bcc  crystals  are  displaced  only  in 
certain  crystallographic  planes.  The  glide  surface  has  an 
irregular  shape  and  is  not  crystallographic  because  the  Bur¬ 
gers  dislocations  may  be  displaced  along  any  plane  in  the 
direction  of  the  dense  packing. 

In  hexagonal  metals  in  addition  to  glide  along  the 
basal  plane  (0001)^1120^  glide  is  possible  along  the  non- 
basal  planes.  Figure  31  schematically  shows  the  possible 
planes  and  directions  for  glide  for  hexagonal  densely -Packed 
crystals.  Under  one  and  the  same  conditions  of  deformation 
in  individual  hexagonal  densely-packed  metals  the  nreferred 
plane  of  glide  is  the  basal  plane  (0001);  in  others  it  is 
the  prismatic  plane  (lolo). 

Table  11  gives  the  preferred  planes  of  glide,  experi¬ 
mentally  determined  critical  stresses  of  displacement  for 
the  hexagonal  densely-packed  metals  [89,  90],  as  v/ell  as 
the  theoretically  computed  ones  taking  formula  (31)  into 
account  and  the  values  of  the  elastic  constants  of  the 
ratio  of  stresses  necessary  for  notion  of  the  edge  disloca¬ 
tion  in  the  basal  and  prismatic  planes  [91], 

The  difference  in  the  deformation  characteristics  of 
hexagonal  densely-packed  metals  is  usually  associated  with 
the  change  in  the  ratio  c/a  of  the  crystal  lattice.  If  the 
lattice  is  stretched  along,  the  hexagonal  axis  in  zinc  and 
cadmium,  then  in  beryllium,  titanium,  and  zirconium,  it  is 
contracted.  This  contraction  leads  to  a  decrease  in  the 
distance  between  the  basal  planes,  therefore  in  metals  from 
cadmium  to  uranium  the  possibility  of  glide  appears  along 
the  prismatic  plane.  TOne -exception  is  beryllium  [92],  this 
not  involving  the  influence  of  the  impurities  --  the  purer 
the  beryllium  the  more  preferred  is  the  basal  plane. 

The  computed  and  experimentally  determined  ratios  of 
the  displacement  stresses  in  the  different  planes  do  not  co¬ 
incide.  In  particular,  computation  shows  that  the  Peierls 
stress  in  zirconium  along  the  basal  Plane  is  less,  however 
in  practice  glide  along  this  plane  is  observed  very  rarely. 
Probably  here  the  determinant  role  is  played  by  the  width 
of  the  split  dislocations  in  the  various  glide  Planes,  but 
because  of  the  absence  of  reliable  experimental  data  it:  is 
impossible  to  make  any  final  conclusions  at  the  present  time. 

It  should  be  mentioned  that  in  hexagonal  densely- 
packed  metals  the  effect  is  observed  from  a  number  of  other 
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Realization  of  these  or  other  p.lide  systems  depends 
on  the  deformation  conditions.  The  velocity  and  the  dia> 
pram  of  the  loading  and  the  temperature  of  deformation  nay 
alter  the  effective  flide  planes  (see  Table  9). 

Schmid  showed  that  rlitiinF  in  the  crystal  berins  vrhen 

the  shearinf,  stresses  reach  a  certain  critical  value  ('{r  ) 

cr 

alonp  the  direction  x>f  the  Rlide  for  a  piven  plane  of  the 
crystal.  Hence  it  follows  that  if  there  are  several  crys- 
tallographically  equivalent  planes  in  the  crystal,  then  the 
glide  begins  in  the  plane  for  which  the  shearing  component 
of  the  stress  is  naxinal.  On  the  other  hand,  the  effect 

of  the  determined  planes  of  glide  is  associated  with  tne 

fact  that-  the  critical  displacement  stresses  for  the  var- 
-  ious  planes  are  different,  as  for  example  in  hexagonal  metals. 

I 

;  New  systems  of  gliding  by  pulsed  loading  appear 

I  either  as  a  result  of  increasing  the  critical  displacement 

;  stress  for  several  systems  or  as  a  result  of  change  in  the 

?  relationship  between  2?^^,  for  the  various  glide  systems. 

I  Hence  it  follows  that  for  understanding  the  mechanism  of 

i  high'Vclocity  deformation  of  metals  we  must  examine  the 

change  in  by  varying  the  conditions  of  the  deformation 

and  the  physical  nature  of  the  critical  displacement  stress. 
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Table  11.  Critical  Displacenent  Stresses  Alonr,  Different 

Planes  of  Several  Metals  With  a  Hexagonal  Densely 
Packed  Lattice 
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4,  Critical  Displacement  Stress 

Experiments  have  shown  that  critical  cleavap.e  stres¬ 
ses  depend  on  the  impurities,  and  this  dependence  is  due  to 
the  interaction  between  the  components  of  the  alloy  in  the 
solid  state.  In  the  formation  of  solid  solutions  the  strength¬ 
ening  effect  is  significantly  greater  than  in  the  case  when 
the  components  are  not  soluble  in  one  another. 

It  is  interesting  to  note  that  the  impurities  influence 
the  critical  displacement  stresses  differently  in  the  differ¬ 
ent  planes.  Churchman  C9S]  showed  that  by  increasing  the 
amount  of  oxygen  and  nitrogen  in  titanium  up  to  0.1%,  glide 
becomes  possible  along  the  planes  (lolo),  (lOll),  and  (0001) 
since  the  critical  displacement  stresses  over  all  these  planes 
become  practically  Identical.  Apparently  the  influence  of 
the  impurities  on  the  magnitude  of  the  critical  cleavage 
stresses  can  be  explained  by  the  fact  that  the  different  re¬ 
searchers  cite  different  values  of  this  magnitude  for  one 
and  the  same  metal. 

Experiments  have  shown  that  the  magnitude  of  the  criti¬ 
cal  cleavage  stress  depends  also  on  temperature,  velocity  and 
degree  of  deformation. 

With  increase  in  temperature  the  critical  displacement 
stress,  as  a  rule,  is  decreased,  but  not  monotonically. 

There  are  temperature  ranges,  where  I*  is  lowered  quite 

Cl* 

significantly  and  where  this  magnitude  is  nractically  con¬ 
stant.  For  example,  at, the  melting  point  the  critical  dis¬ 
placement  stress  drops  practically  to  zero,  and  at  a  temp¬ 
erature  near  absolute  zero,  it  remains  the  same  as  at  room 
temperature.  The  change  in  resistance  to  displacement  as  a 
function  of  temperature  of  deformation  velocity  is  not  iden¬ 
tical  for  all  planes  of  the  crystal  lattice. 

Increasing  the  deformation  velocity,  as  a  rule,  in¬ 
creases  the  critical  displacement  stress.  Here  for  the  non- 

basal  plane  the  growth  in  •J’  takes  significantly  more  in- 

cz* 

tensely  than  for  the  basal  plane  (Figure  32).  In  reference 
[90]  a  rather  sharp  dependence  is  noted  of  on  temnera- 

Cr 

ture  for  the  non-basal  plane  and  a  weaker  one  for  the  basal 
plane. 


The  velocity  dependence  of  the  critical  displacement 
stresses  for  a  number  of  metals  was  investigated  bv  the 
Japanese  scientists  loshida  and  Wagata  [08,  96],  The  mag¬ 
nitude  of  the  critical  displacement  stress  was  determined 
by  extrapolating  the  curve  O’  =  f(£),  obtained  during  dvnamic 
tests,  to  the  zero  degree  of  deformation.  for  single  cry-.ials 
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Figure  32*  Dependence  of  critical  displacement  stress  on 
velocity  and  temperature  of  deformation  for  several  hexagonal 
densely-packed  metals  [127] t  a.  for  the  basal  plane; 
b.  for  the  prismatic  plane. 

■J'gyt  Mn/m^<kgf/mm^)  2.  i,  sec'^ 

2 

of  aluminum  2^  was  found  to  equal  2.5-5  Mn/m  (0.25-0.5 

2  2 
kgf/mm  );  in  the  quasi-static  tests  was  0.5-1  Mn/m 

(0.05-0.1  kgf/mm^).  Interesting  results  were  obtained  on 
sine  crystal  crystals.  In  the  range  of  deformation  veloci- 

ties  ^  »  10  -10  sec  the  critical  displacement  stress 

is  practically  independent  of  the  deformation  velocity.  In 
the  limits  investigated  by  the  authors  the  change  in  tempe¬ 
rature  exerts  no  influence  on  the  critical  displacement 

stress  when  ^  <  10^  sec*^,  but  it  increases  noticeably  with 

growth  in  temperature  at  a  deformation  velocity  £  «  10  sec"  . 
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0«pend«nces  which  are  analof^ous  in  character  were  obtained 
for  pure  copper  and  its  alloys  with  0.1,  0.5,  and  1.1%  Hn. 
In  all  cases  during  high-velocity  deformation  the  critical 
stresses  were  greater  than  during  quasi-static. 

These  experimental  data  can  be  explained  after  ex-, 
amining  the  processes  of  deformation  carried  out  in  the 
microvolumes.  Glide,  according  to  modern  concepts,  is  the 
result  of  the  displacement  of  dislocations  unde~*  the  in¬ 
fluence  of  an  external  load,  and  the  critical  displacement 
stress  is  the  stress  required  to  overc  >me  the  dislocations 
in  the  glide  plane  in  order  that  movement  can  begin.  The 
effectiveness  of  the  influence  of  the  various  factors  on 
the  resistance  to  displacement  of  the  dislocations  may  be 
'*  'iressed  in  the  following  manner: 


T,  'I*  Tj  T„, 


(33) 


where  ^j^t****^^  is  the  stress  which  should  be  applied  for 

accomplishing  any  elementary  process;  each  such  process  is 
determined  by  the  conditions  of  the  deformation  and  is  char¬ 
acterized  by  the  relaxation  time  in  accordance  vrith  formula 
(19). 


Let  us  cite  the  most  important  terms  of  the  critical 
displacement  stress  that  appear  in  expression  (33),  and  the 
tendency  to  change  of  these  quantities  under  conditions  of 
a  pulsed  load  application: 

1.  High-velocity  deformation  is  accon.plished  by 
larger  external  forces  than  the  usual  quasi-static.  There¬ 
fore  we  should  expect  that  under  these  conditions  of  load¬ 
ing  the  number  of  effective  sources  in  accordance  with 
formula  (25)  will  grow,  since  sources  act  here  with  a  smal¬ 
ler  initial  length.  Such  a  result,  as  mentioned  above,  was 
found  by  loshida  and  Magata  on  aluminum  single  crystals. 
However  the  experiments  of  these  same  authors  with  zinc  and 
copper  indicate  that  the  increase  in  critical  displacement 
stresses  during  high-velocity  deformation  can  never  be  ex¬ 
plained  only  by  the  action  of  this  effect. 

2.  The  displacement  of  the  dislocation  is  hindered 
by  the  force  of  friction  (Peierls  force)  which  may  be  fig¬ 
ured  from  formula  (31). 

3.  Probably  one  of  the  basic  reasons  for  the  change 
in  critical  displacement  stress  should  be  assumed  as  the 
increase  in  velocity  of  the  mobile  dislocations,  and  also 
their  interaction  with  other  dislocations  and  defects  of  the 
crystal  lattice. 
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Increasinf;  the  applied  stress,  as  already  mentioned. 
Increases  the  velocity  of  displacement  of  the  dislocations. 

Lyubov  and  Chernizer  [31]  theoretically  comnuted  the 
magnitude  of  the  scattering  of  disl<' c.'tion  energy  on  heavy 
impurity  atoms  with  Increase  In  th*  l^slocatlon  dlsnlacement 
velocity.  According  to  their  data,  the  resistance  of  the 
lattice  has  a  maximum  at  a  certain  sufficiently  large  ve¬ 
locity  of  m<}tion  of  the  dislocations.  However,  an  increase 
in  dynamic  :*riction  was  observed  also  In  quite  pure  metals. 

Seger  et  al  [98]  assume  that  one  of  the  basic  factors 
determining  the  velocity  and  temperature  dependence  of  the 
critical  displacement  stress  is  the  Interaction  of  the  mov¬ 
ing  dislocations  with  a  "forest*'  of  dislocations.  Thresholds 
are  formed  on  the  constrictions  of  the  stretched  dislocations 
as  a  result  of  which  point  defects  are  generated.  For  over¬ 
coming  these  barriers  we  must  have  either  a  thermal  fluctu¬ 
ation  or  significant  external  stresses.  Consequently,  the 
magnitude  of  the  displacement  stresses  is  equal  to 


+  T„  (  34  ) 

where  is  the  stress  counteracting  the  moving  dislocation; 

it  is  caused  by  the  long-range  interaction  of  the  field  of 

stresses  with  the  dislocations  of  the  same  system  of  glide 

on  different  glide  planes;  are  the  stresses  necessary 

s 

to  overcome  the  moving  dislocation  of  the  local  barriers. 

Since  the  stress  2'^  is  ^nnected  with  the  thermally 

activating  processes,  it  depends  on  temperature  and  velocity 
of  deformation.  The  component  does  not  depend  on  these 

parameters. 

The  relationship  between  the  stress  ,  temperature 

5 

of  deformation,  and  velocity  t  is  given  by  the  following 
expression; 


(35) 


where  N  is  the  density  of  forest  dislocations,  intersected 
by  the  moving  dislocation;  A  is  the  mean  area  of  propagation 
of  the  moving  dislocation;  E  is  the  Burgers  vector  of  the 
intersecting  dislocation;  Vq  the  frequency  of  oscillations 

of  the  dislocation;  is  the  activation  energy;  v  is  the  ac' 

tivating  volume;  k  is  the  loltzmann  constant. 
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Taking  into  account  the  interaction  of  the  disloca¬ 
tions  with  the  point  defects,  the  processes  of  formation 
of  the  constrictions  of  the  dislocations,  and  thresholds 
of  intersection,  reference  [98]  gives  the  following  expres¬ 
sion  for  ?*_» 


(/.-*rin- 


— - A/“  —  *• 

4“/ “4 


(36) 


where  i  is  the  deformation  velocity (  d  is  the  mean  effective 
diameter  of  the  "barrier",  which  is  overcome  with  the  aid 
of  the  combined  effect  of  thermal  fluctuations  and  applied 
stresses. 

» 

At  temperatures  of  T  >  T„,  where 


the  magnitude  of is  snail  and  the  flow  stress 

Seger  et  al  cite  a  series  of  experiments  with  magnes¬ 
ium,  aluminum,  and  silver,  the  results  of  which  agree  with 
their  theory.  Other  experimental  data  are  contradictory 
and  do  not  permit  accurately  determining  the  regions  of  ap¬ 
plicability  of  formula  (36).  Probably  this  model  is  appli¬ 
cable  to  flow  stresses  during  large  deformations,  where  the 
role  of  interaction  between  dislocations  is  signifantly  in¬ 
creased. 

Thus,  at  the  present  time  there  is  no  common  theory 
which  satisfactorily  explains  the  change  in  critical  dis¬ 
placement  stresses  with  increase  in  deformation  velocity. 

At  the  same  time  we  can  apparently  state  that  the  signifi¬ 
cant  amount  of  increase  in  displacement  stress  during  high- 
velocity  deformation  is  associated  with  change  in  the  dy¬ 
namic  resistance  of  the  lattice  during  increase  in  the  dis¬ 
location  velocity.  Thus  the  experiments  of  Ferguson  et  al 
[99]  showed  that. the  displacement  stress  along  the  basal 
plane  of  zinc  grows  linearly  with  increase  in  dislocation 

velocity  in  the  range  I  •  5.10  -10  sec  •  Along  with  this, 
it  is  still  not  clear  as  to  the  quantitative  contribution 
from  the  various  factors  to  the  velocity  dependence  of  the 
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critical  cleavage  stress,  and  also  the  reasons  for  the  differ- 

ent  change  in  7*  _  under  the  influence  of  velocity  for  the  var- 
cr 

ious  systems. 

5.  Experimental  Study  of  Gliding 

Glide  in  crystals  having  an  fee  lattic  t>  s  been  stud¬ 
ied  most  fully.  As  shown  above  the  amount  of  tht>  critical 
cleavage  stress  is  identical  for  all  planes  (111)  usually 
participating  in  the  deformation,  therefore  the  glide  begins 
in  the  plane  that  is  most  favorably  oriented  with  respect  to 
the  effective  stress. 

Change  in  orientation  of  single  crystals  of  nickel 
under  conditions  of  quasi-static  and  high-velocity  deforma¬ 
tion  was  studied  by  Epshteyn  and  Kazachkov  [100].  The  de¬ 
formation  of  samples  was  accomplished  on  a  5-ton  press  at  a 

velocity  of  ^  =  10*^  sec’^  and  by  the  method  of  electromag- 

netic  punching  [20]  at  ^  <10  -10  sec  .  The  axis  of  con¬ 
traction  of  the  samples  corresponded  to  t'e  directions  <110>, 
<111>,  and  <112>. 


Figure  33.  Change  in  orientation  of  nickel  single  crystals 
after  quasi-static  (A)  and  hig.h-velocity  (A)  deformation. 

1.  Deviation  from  initial  orientation,  deg 


Orientation  of  the  crystals  <111^  and  <112^  under 
conditions  of  high-velocity  deformation  varies  differently 
(Figure  33)i  for  orientation  of  <111>  if  the  rotation  of 
the  crystal  lattice  with  increase  in  the  dog,ree  of  deforma¬ 
tion  does  not  depend  on  the  type  of  load,  then  for  <112> 
during  high-velocity  deformation  this  rotation  is  less  than 
during  the  quasi-static.  Such  a  difference  in  the  change 
in  orientation  involves  the  glide  characteristics.  During 
the  deformation  of  a  single  crystal  with  the  axis  of  contrac¬ 
tion  <111>  there  are  six  equivalent  glide  systems  with  the 
Schmid  factor  equal  to  0,?7  (Table  12).  For  the  other  systems 
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it  is  equal  to  zero.  Thus,  for  a  crystal  with  such  orien¬ 
tation  the  glide  is  begun  immediately  over  all  systems  and 
therefore  the  change  in  orientation  with  increase  in  degree 
of  deformation  does  not  depend  on  the  type  of  load.  If  the 
axis  of  contraction  corresponds  to  the  direction  <^112^,  then 
the  Schmid  factor  is  maximal  for  the  primary  and  the  conju¬ 
gate  systems  and  is  equal  to  0.409;  for  four  of  the  systems 
it  comprises  0.273,  and  for  two  —  0.137. 

If  we  assume  that  during  quasi-static  deformation 
the  glide  takes  place  along  the  primary  and  conjugate  sys¬ 
tems,  then  the  decrease  in  rotation  of  the  crystal  under  a 
dynamic  load  must  be  associated  with  the  increase  in  number 
of  effective  systems  of  glide.  Probably,  in  the  dynamics  of 
glide,  the  other  planes  in  which  the  Schmid  factor  is  non¬ 
zero  are  also  involved. 


Table  12.  Values  of  the  Schmid  Orientation  Factor  for  Crys¬ 
tals  Oriented  Differently  to  the  Fxternal  Load 
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of  the  crystals 


Reference  ClOO]  showed  also  that  the  change  in  width 
of  the  x-ray  line,  the  subgranular  disorientation,  and  the 
microhardness  of  crystals  for  these  two  orientations  also 
differs  depending  on  the  deformation  method  (Figure  34). 

For  a  crystal  contracted  in  the  direction  < 112^,  these  char¬ 
acteristics  .after  pulsed  deformation  are  higher  than  after 
the  quasi-static,  and  for  a  crystal  contracted  in  the  di¬ 
rection  <111^  they  are  virtually  the  same  as  those  obtained 
after  quasi -static  deformation.  These  results  also  involve 
the  mechanism  of  glide  which  in  the  given  case  nroduces  the 
formation  of  a  substructure. 

The  effect  of  these  or  other  glide  systems  depends  on 
the  orientation  of  the  single  crystal  with  respect  to  the 
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shock  wave.  Thus  in  slnple  crystals  of  copner  [101]  under  a 
load  by  a  shock  wave  of  200  kbar  in  the  direction  <110>  nul- 
tiple  plidinK  takes  nlace  in  the  plane  (111),  and  under  a 
load  by  a  shock  of  the  same  intensity  in  the  direction  <111^ 
alonp  with  the  octahedral  planes  the  non>octahedral  planes 
(100)  particinate  in  the  plide*  Reference  [75]  showed  the 
possibility  of  non-octahedral  f.lide  in  copper  with  hiph  de- 
prees  of  deformation. 

In  reference  [102]  the  mechanism  of  hiph-velocity  de¬ 
formation  was  studied  by  detonation  nunchinp  (see  Fipure  4), 
Under  these  conditions  a  pressure  is  develoned  up  to  several 
kilobars  and  at  the  same  time  no  sipnificant  heatinp  occurs. 
On  polycrystalline  samples  havinp  different  prain  orienta¬ 
tion,  the  p.eometric  interpretation  of  plide  was  m.^de  diffi¬ 
cult  by  the  simultaneous  effect  in  one  prain  of  many  plide 
planes  of  one  and  the  sane  type.  In  copper  after  rollinp 
and  subsequent  recrystallization  it  was  found  to  be  nossible 
to  obtain  a  prain  with  dimensions  of  about  150  fim  and  a 
sharp  orientation.  The  maximal  anple  of  scatterinp  of  the 
orientation,  fipured  from  the  pole  fipure,  was  ±8®,  but  the 
difference  in  orientation  between  neiphborinp  prains,  determ¬ 
ined  from  the  etchinp  holes,  was  no  more  than  5®.  Such  ori¬ 
entation  of  the  crystals  permits  us  to  treat  the  boundaries 
between  them  as  boundaries  of  the  slope.  The  existence  of 
a  sharp  orientation  and  larpe  prain  with  a  small  sheet  thick¬ 
ness  (in  cross  section,  five-six  prains)  indicates  that  the 
deformation  of  such  polycrystalline  samples  is  similar  to 
the  deformation  of  sinple  crystals  of  the  same  orientation. 

Investipations  showed  that  both  durinp  quasi-static 
and  durinp  pulsed  deformation  the  plide  is  accomplished 
alonp  the  planes  (111).  Tke  plide  lines  are  oriented  paral¬ 
lel  to  the  diapohal  of  the  square  of  the  etchinp  hole,  which 
corresponds  to  the  intersection  of  the  plide  plane  (111)  with 
the  surface  of  the  sample,  correspondinp  to  the  plane  (100). 
After  hydrostatic  punching  prior  to  deformation  of  12%  an 
optical  and  interference  microscopic  investigation  showed 
that  the  glide  goes  only  in  one  plane  (Figure  35).  It  is 
characterized  by  long  strcight  bands,  common  for  several 
grains.  The  glide  bands  pass  through  the  prain  boundary, 
only  slightly  changing  its  direction  in  accordance  with  the 
orientation  of  the  neighboring  prain.  The  prain  boundaries 
are  not  a  place  where  the  glide  bands  preferentially  begin 
or  end,  i.e.,  the  deformation  is  easily  transmitted  from 
one  grain  to  another.  The  boundaries  of  the  slope,  which 
in  the  given  case  are  grain  boundaries,  present  a  less  ef¬ 
fective  barrier  for  the  moving  dislocation  than  for  the  in¬ 
dividual  slowed-down  dislocation  in  the  plide  plane.  This 
was  confirmed  experimentally  in  reference  [103]. 
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Figure  35.  Glide  lines  in  copper  after  hydrostatic  loading 
8  *  12%.  X  500. 


Electron  microscopic  investigations  of  the  images 
show  that  between  the  glide  bands  there  is  always  a  micro* 
glide  which  is  not  resolvable  in  the  optical  microscope. 

Study  of  the  images  obtained  after  hydrostatic  de¬ 
formation  of  copper  confirmed  the  fact  that  up  to  6-7%  de¬ 
formation  only  one  glide  system  has  an  influence  (Figure 
36  a).  However  when  >  7%  this  method  permitted  clarify¬ 
ing  the  effect  of  the  second  glide  system,  huts  contribution 
to  the  overall  deformation  is  still  insignificant.  Even 
when  8  »  13%,  when  the  glide  tracks  in  the  primary  plane 
are  grouped  into  bands  with  a  sufficiently  large  height  of 
the  step,  in  the  second  plane  only  individual  ir.icroglide 
tracks  are  observed  (Figure  36  b).  The  results  of  the 
electron  microscopic  investigations  and  the  measurement  of 
the  glide  parameters  (see  Table  13)  permit  us  to  assume  that 
a  hydrostatic  deformation  up  to  7%  corresponds  to  .the  first 
stage  of  the  deformation  of  single  crystals  of  copper. 

During  hydrodetonation  and  electromagnetic  punching 
of  copper  the  deformation  begins  with  glide,  immediately 
in  at  least  two  systems.  Even  with  the  very  smallest  de¬ 
grees  of  deformation  when  the  glide  lines  are  not  visible 
in  an  optical  microscope,  the  electron  microscopic  investi¬ 
gation  reveals  two  systems  (Figure  37  a).  When  £  »  5-6% 
the  two  systems  of  glide  tracks  are  detected  already  by 
metallographic  Investigation  (Figure  37  b).  The  glide 
bands  after  hydrodetonation  and  electromagnetic  deforma¬ 
tion  are  shorter  than  during  the  hydrostatic,  and  their 
mean  length  is  decreased  with  increase  inthe  degree  of  de¬ 
formation,  which  is  undoubtedly  associated  with  the  effect 
of  the  secondary  glide  systems  (see  Table  13).  The  density 


Figure  36.  Glide  tracks  iu  copper  after  hydrostatic  loading, 
revealed  by  electron  microscope:  a.  C  »  6%;  b.  £  s  13%; 

X  25,000. 

of  the  glide  bands  and  the  height  of  the  step  grow  with  in«> 
crease  in  the  degree  of  deformation.  Since  there  is  a  slight 
difference  in  the  height  of  the  steps  and  the  distance  be¬ 
tween  individual  bands  for  the  two  glide  systems,  it  is  then 
obvious  thac  they  are  not  equal  in  value  aud  make  a  differ¬ 
ent  contribution  to  the  overall  deformation.  Between  the 
bands  there  is  always  a  microglide,  which  is  easy  to  see  on 
the  interferograms  and  the  electron  microscopic  photographs. 

On  the  surface  of  the  sample  corresponding  to  the 
plane  (100),  we  can  observe  glide  tracks  over  all  four  planes 
Two  groups  of  these  tracks  must  be  parallel  to  each  other, 
and  two  groups  perpendicular  to  them.  However  with  a 
slight  deviation  from  the  strict  orientation  (100)  the 
parallelness  of  the  glide  tracks  is  disrupted,  which  per¬ 
mits  us  to  accurately  determine  the  number  of  effective 
glide  systems.  During  hydrodetonation  and  electromagnetic 
punching  deviations  were  often  observed  from  the  parallel¬ 
ness  of  glids  tracks  within  a  single  grain  (see  Figure  37  b). 
From  this  it  follows  obviously  that  dv.ring  pulsed  deforma¬ 
tion  all  four  glide  planes  are  activated. 

As  we  know,  transition  from  the  fivJt  deformation 
stage  of  single  crystals  to  the  second  involves  the  effect 
of  secondary  glide  planes.  If  during  quari-static  loading 
up  to  C  *  5-6%  the  deformation  is  similar  .o  the  first  de¬ 
formation  stage  of  the  single  crystals,  then  we  can  assume 
that  during  puls-'d  deformation  the  first  stage  is  suppressed 
and  the  second  stage  begins  immediately.  Under  the  effect 
of  the  secondary  glif'e  systems,  which  is  usually  noted  during 
the  transition  from  the  first  to  the  second  deformation  stage 
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tfi^ura  37.  Glide  tracks  in  copper  after  hirh-velocity  de¬ 
formation.  a.  £  8  2%.  X  25, cob;  b.  6'  =  5%.  X  500. 


as  a  result  of  the  interaction  of  dislocations  of  the  nri- 
nary  and  secondary  systems,  barriers  are  ftenerated  at 
which  pile-up  of  the  dislocations  of  the  primary  plide  sys« 
tern  is  possible.  Therefore  transition  to  the  secondary  de* 
formation  stape  is  accompanied  by  a  sharp  increase  in  the 
coefficient  of  strenptheninp. 

The  plide  parameters  piven  on  Table  13  for  various 
conditions  of  deformation  should  be  treated  as  the  ru;>ults 
of  the  dislocation  processes.  By  analyzinp  these  data,  we 
can  get  some  idea  as  to  the  characteristics  of  these  pro¬ 
cesses  during  quasi-static  and  dynamic  deformation. 


Figure  38.  Change  in  the  subpranular  disorientation  in  poly 
crystalline  copper  after  hydrostatic  ^  and  detonation  (o) 
loading. 

1.  ^ ,  rad. 10^ 


!)urinF  pulsed  loadinp  with  increase  in  the  decree  of 
deformation  the  lenpth  of  the  plide  bands  is  decreased.  Con 
sequently,  the  mean  lenpth  of  the  free  path  of  the  dislnca- 
tions  durinfr  pulsed  deformation  is  two-three  times  less  than 
during  quasi-static.  Probably  this  is  involved  with  the 
fact  that  durin;;  pulsed  loadinp  of  copper  the  number  of  bar¬ 
riers  which  inhibit  motion  of  the  dislocations  is  increased « 
and  they  are  arranped  at  a  smaller  distance  from  one  another 

The  density  of  the  ftlide  tracks  during  pulsed  deforma 
tion  is  hipher  than  during  the  quasi-static;  this  means  that 
the  density  of  the  dislocations  may  be  preater,  especially 
if  we  take  into  account  that  durinp  pulsed  deformation  the 
plide  takes  place  immediately  over  several  Planes. 

loshida  and  Napata  studied  the  mechanism  of  deforma¬ 
tion  by  ct-.i  tract  ion  on  sinple  crystals  of  aluminum,  99.999% 

pure.  1  deformation  velocity  was  about  10  sec  .  In 
crystal-  oriented  favorably  for  individual  plidinp,  the 
critical  displacement  stress  durinp  dynamic  deformation 
was  greater  than  durinp  quasi-static,  and  at  the  same  time 
the  region  of  easy  plide  was  more  extended.  At  this  stape 
of  increase  in  the  deformation  velocity  only  the  number  of 
dislocations  of  the  given  system  which  participate  in  the 
deformation  is  increased,  as  a  result  of  which  the  density 
of  the  glide  tracks  prows  and  the  height  of  the  step  is  de¬ 
creased. 

Simultaneously  with  the  metallographic  investigation 
we  conducted  a  radiographic  determination  of  the  su^ granu¬ 
lar  disorientation  S  with  ionization  registration  of  the 
reflections  using  the  method  described  In  reference  [82]. 

Figure  38  shows  the  results  of  the  experiment.  Dur¬ 
ing  hydrodetonation  deformation  the  disorientation  is  in¬ 
creased  linearly  with  increase  in  the  degree  of  deformation, 
and  during  quasi-static  deformation  the  linear  growth  in 
disorientation  takes  place  only  up  to  6  ^  7%,  and  then  the 
rate  of  this  growth  is  significantly  lowered.  Such  a  change 
in  the  disorientation  agrees  well  with  the  metallographic 
data  on  the  mechanism  of  deformation  of  copper.  The  bend 
in  the  lattice  in  the  process  of  deformation  may  be  repre¬ 
sented  as  a  process  of  pile-up  of  dislocations  on  one  sign. 
During  detonation  deformation  several  planes  participate 
directly  in  the  glide;  the  number  s*'  these  nlanes  does  not 
vary  with  increase  in  £ ;  this  also  leads  to  a  monotonic  de¬ 
pendence  of  the  disorientat ior  on  the  degree  of  deformation 
in  the  entire  investigated  range.  During  sta-ic  deforma¬ 
tion  up  to  £  s  6%,  as  shown  above,  one  glide  plane  <  .sert s 
influence;  here  dislocations  of  one  sign  are  gencr-ited.  As 
a  result  tne  tot  a.’,  bend  in  the  lattice  gx'ow'-.  lint'erV-  j 
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and  the  amount  of  disorientation  is  evrn  sliphtly  hipher 
than  alter  hydrodetonation  deformation  in  spite  of  the  larre 
total  density  of  dislocations  after  nulsed  punchinp.  V/hen 
>  7%  secondary  planes  are  involved  in  the  quasi-static 
deformation •  in  which  dislocations  of  the  other  sipn  may 
be  penerated#  As  a  result  the  rate  of  prowth  in  the  total 
bend  of  the  lattice  is  decreased  and  cori  sspondinply  the 
character  of  the  chanpe  in  subpranulai'  d  ’  ^orientation  chanpes 

Thus,  both  analysis  of  the  x-ray  lAt'  “nd  the  direct 
metallopraphic  observations  confirm  the  f:.'  .•  ^ion  as  to 

an  increase  in  the  number  of  effective  plldt  t-ystems  in 
copper  durinp  pulsed  deformation  in  connarison  with  the 
quasi-static. 

The  formation  of  orientation  of  a  material  is  directly 
connected  with  plide  and  twinninp.  In  those  cases  when  nu 
twinninp  is  accomplished,  we  can  assume  that  the  formation 
of  an  orientation,  chanpe  and  smearinp  of  the  orientation 
maxima  are  deteri.  ned  by  plidinp.  All  this  refers  completely 
to  copper  deformed  under  the  conditions  examined.  Since  at 
a  pressure  of  3-S  kbar,  no  twinned  layers  are  formed,  the 
authors  studied  the  chanpe  in  initial  orientation  of  the 
sheets  as  a  result  of  detonation  and  hydrostatic  deforma¬ 
tion. 


Fipure  39  shows  the  nole  fipure  of  samples  in  the 
initial  state  (prior  to  punchinp)  on  which  two  components 
of  orientation  are  visible:  (001)  <100>  and  (123)<l2l]>, 
the  component  (001)  <100>  beinp  the  preferred  one.  Such 
a  type  of  orientation  is  characteristic  of  recrystallized 
copper,  since  at  the  first  stage  of  recrystallization  part 
of  the  grains  retain  their  orientation  near  the  rolling 
orientation. 

In  the  process  both  of  hydrostatic  and  dynamic  de¬ 
formation  the  form  of  the  pole  fipure  changes. 

We  undertook  an  experiment  to  figure  the  number  of 
effective  plide  systems  based  on  change  in  orientation  in 
the  deformation  process.  We  can  assume  that  in  the  origi¬ 
nal  samples  the  stress  acts  in  the  direction  ^001^  and  then 
we  can  compute  the  Schmid  factor  for  the  various  glide  sys¬ 
tems  and  the  die  placement  of  the  orientation  factor  as  a 
result  of  glide  in  the  given  system.  Here  we  must  take 
into  account  that  gliding  in  the  plane  along  the  predeter¬ 
mined  direction  is  equivalent  to  rotating  the  crystal  around 
the  normal  to  the  plane  and  to  the  direction  of  glide.  Then 
plide  over  systems  till}  <  ll0>  can  be  represented  as  the 
rotation  of  a  crystallite  around  the  direction  <112]^. 
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Figure  39*  Pole  figure  (111)  of  sheet  copper  in  the  origi 
nal  state. 


Figure  UO.  Great  circle  of  the  stereographic  projection;  dis* 
placement  of  the  orientation  maximum  (111)  as  a  result  ef  glid 
over  different  systems  (111)  <llO>«  The  number  on  the  drawing 
correspords  to  the  glide  systems  g5ven  in  Table  Iv. 


Table  14  gives  the  result  of  such  an  analysis  for  the 
original  cubic  orientation. 

Figure  40  shows  a  diagram  that  indicates  the  direction 
of  displacement  of  the  orientation  maximum  (111)  as  a  result 
of  glide  over  the  cited  systems.  From  the  pole  figures  taken 
from  the  original  and  the  deformed  samples  (Figures  39  and  41), 
it  is  clear  that  the  resulting  displacement  is  directed  to¬ 
ward  the  center  of  the  pole  figure.  This  permits  determin¬ 
ing  the  probable  glide  systems. _  The  preferred  effect  of 
one  glide  system,  for  example  (Ill)  <oIl^  —  VII,  or  (III) 
<101>  —  VIII,  produces  a  rapid  disruption  of  the  original 
orientation  and  the  creation  of  a  new  one.  In  the  presence 
of  multiple  glide  the  change  in  the  pole  figure  will  be 
less  directed  and  the  rate  of  the  creation  of  a  new  orien¬ 
tation  will  be  less  since  the  resulting  displacement  with 
identical  S  is  not  high.  Analysis  of  the  change  in  the 
pole  figures  showed  that  during  quasi-static  and  pulsed  de- 
formation_the  glide  in  copper  takes  place  over  the  systems 
(ml  ^llo^,  but  during  pulsed  deformation  in  each  indiv¬ 
idual  grain  a  large  number  of  uniform  glide  systems  has  in¬ 
fluence. 

Table  14.  Schmid  Coefficients  for  Various  Glide  Systems  in 

Copper  Under  the  Effect  of  Loading  in  the  Direction 

<001> 


1.  System 

2.  Glide  plane 

3.  Direction  of  glide 

4.  Original  axis  of  rotation 

5.  cos  Hf  cos  ^ 


Reference  [104]  nentions  the  sham  channe  in  the 
pole  fipure  durinp  dynamic  deformation  of  the  allov  Fe-SJi 
in  comparison  with  the  quasi-static  and  the  formation  of 
a  new  type  of  orientation  (001)  <210^,  This  difference, 
in  the  opinion  of  the  authors,  involves  a  decrease  in  the 
number  of  plide  systems  durinp  dynamic  deformation. 

However,  as  analysis  shows,  chanrinp  only  the  num¬ 
ber  of  effective  plide  systems  may  lead  to  more  or  less  in- 
I  tense  smearinp  of  the  orientation  maxima  and  almost  never 

leads  to  formation  of  a  new  orientation.  The  chanpe  observed 
in  reference  [104]  in  the  pole  fipure  of  the  iron-silicon  al¬ 
loy,  as  a  result  of  pulsed  deformation,  is  primarily  associ- 
'  ated  with  the  development  of  twinninp. 

In  studying  the  mechanism  of  deformation  of  medium- 
j  carbon  steel,  Campbell  [105]  detected  multinle  glide  in  a 

■  samnle  deformed  at  a  low  velocity.  Ourinp  impact  loading 

;  he  noticed  only  a  fine  gliding  along  several  systems,  analo- 

<  gous  to  the  gliding  in  samples  deformed  nuasi-staticallv  at 

:  low  temperatures.  According  to  these  data  the  plide  lines 

;  during  impact  loading  become  rectilinear. 

Leslie  [106]  showed  that  the  configuration  of  -’.is- 
■'  locations  in  alpha-iron  after  detonation  deformatio  is 

j  similar  to  that  which  is  generated  after  rolling  at  low 

i  temperature.  The  dislocation  lines  are  straight  and  uni- 

formlv  distributed. 

Odinokova  and  Bogachev  [107]  observed  a  sham  change 
in  the  plasticity  of  beta-titanium  during  high-velocitv  de- 
;  formation.  At  ordinary  deformation  velocities  the  glide 

lines  in  beta-titanium  are  undulating,  thev  annear  in  sev¬ 
eral  directions  with  the  preferred  development  of  one  di¬ 
rection.  The  basic  mechanism  of  deformation  of  the  alloy 
under  these  conditions  is  pencil  gliding  along  many  planes. 

Under  the  conditions  of  dynamic  tension  in  beta-ti- 
'  tanium  the  density  of  the  glide  tracks  is  reduced  signifi¬ 

cantly  and  their  form  is  changed.  The  glide  tracks  become 
rectilinear  in  each  griin  and  go  only  in  one  direction. 

Only  on  individual  grains  does  the  glide  take  place  along 
two  systems. 

Based  on  these  results,  the  authors  come  to  the  con¬ 
clusion  that  during  dynamic  loading  tne  number  of  active 
glide  planes  for  metals  with  a  bcc  lattice  is  decreased. 

As  we  shall  show  in  Chapter  5,  the  dislocation  struc¬ 
ture  of  metals  and  alloys  with  a  bcc  lattice  after  impact 
loading  differs  substantially  from  the  structure  of  metals 
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with  an  fee  lattice.  In  metals  with  a  bcc  lattice  the  dis¬ 
locations  are  distributed  uniformly  and  in  metals  and  alloys 
with  an  fee  lattice  a  cellular  structure  is  formed. 

The  lack  of  undulation  in  the  rlide  tracks  in  metals 
with  a  bcc  lattice  durinp  pulsed  loadinp;  nrobably  is  due  to 
the  difference  in  the  velocity  of  dislocation  disnlacement 
of  the  various  types.  It  is  mainly  the  Burf^ers  dislocations 
which  produce  the  appearance  of  undulatinp  p.lide  tracks  in 
the  bcc  lattice.  Durinr  pulsed  loadinr  a  larrc  part  of  the 
deformation  takes  place  as  a  result  of  the  motion  of  the 
edge  dislocations,  therefore  the  displacement  producing! 
the  formation  of  f;lide  tracks  is  the  result  of  displacement 
of  the  edf;e  dislocations.  The  emerronce  of  the  edf'e  dis¬ 
location  onto  the  surface  also  leads  to  the  onset  of  recti¬ 
linear  glide  lines. 

Thus,  the  lack  of  undulating  glide  tracks  during 
high-velocity  deformation  of  metals  with  a  bcc  lattice  still 
does  not  indicate  a  decrease  in  the  number  of  effective  ac¬ 
tive  glide  planes. 

During  impact  loading  the  deformation  mechanism  of 
metals  with  a  hexagonal  densely-packed  lattice  changes  sig¬ 
nificantly  [97,  108],  however,  the  conditions  for  this 
change  for  the  various  metals  may  be  different. 

In  tests  with  technical  titanium  type  VT-1  we  used 

deformation  velocities  of  10  and  10  sec  [97].  Vfhen  ^  > 

-3  •  1 

10  se<  the  glide  is  developed  in  one  plane,  when  the  de 
gree  of  deformation  is  4-5%,  with  increase  in  this  same  £  un 
to  15-17%  the  glide  begins  to  take  place  in  three-four  Planes, 
here  in  several  of  the  grains  twinning  is  observed.  In  sam¬ 
ples  deformed  at  a  velocity  of  10  sec”!,  the  glide  also  takes 
place  along  many  planes  and  twinning  is  greatly  facilitated 
in  them.  During  hydrodetonation  punching  in  alpha-titanium, 
no  intragranular  glide  i..  general  appears  and  the  deforma¬ 
tion  is  basically  accomplished  as  a  result  of  twinning. 

Investigation  of  alnha-titaniun  showed  that  during 
deformation  at  low  velocities  the  glide  takes  place  preferen¬ 
tially  along  the  prismatic  planes.  However  already  under 
these  conditions  of  loading  the  development  of  multiple 
glide  is  observed.  Undulating  glide  tracks  appear,  inter¬ 
secting  at  an  angle  of  60°,  which  corresponds  to  gliding 
over  the  prismatic  and  pyramidal  planes  simultaneously. 

There  are  glide  tracks  that  intersect  at  an  angle  of  90°, 
which  is  possible  by  the  combined  effect  of  the  prismatic 
and  basal  glide.  The  multiple  glide  takes  place  at  compar¬ 
atively  large  degrees  of  deformation. 
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Odinakova  and  Bopachev  Ll07]  observed  twinninp  dur- 


2  -1 

ing  the  dynamic  deformation  of  alpha-titanium  (£*  -  10  sec  ), 
but  the  form  of  the  glide  tracks  were  practically  the  same 
as  during  quasi-static  deformation*  At  the  same  deforma¬ 
tion  velocity  In  an  alloy  on  a  base  of  alnha-titanium  no 
twinning  was  developed,  and  the  glide  takes  place  over 
many  planes.  However  the  density  of  the  glide  tracks  dur¬ 
ing  dynamic  loading  is  decreased  in  comparison  with  the 
quasi -static t  and  the  relief  over  the  grain  boundaries  is 
revealed  better.  The  authors  also  mention  that  during  the 
impact  loading  of  alpha-titanium  the  deformation  is  accom¬ 
plished  pr<}ferentially  by  twinning* 


Figure  42,  lUcrostructure  of  the  alloy  MA-8:  a.  after 
quasi-static  deformation  (£  st  lO'^  sec”l).  X  600;  b*  after 
high-velocity  deformation  (£  ar  10*^  sec**^).  X  1200. 


The  behavior  of  magnesium  and  its  alloys  is  inter¬ 
esting  during  high-velocity  deformation  [108,  109].  The 
fact  is  that  under  normal  deformation  conditions  in  magnes¬ 
ium  (unlike  titanium)  the  glide  takes  place  along  the  basal 
plane  (0001).  But  with  hydrostatic  punching  of  sheets  of 
polycrystall ine  magnesium  and  its  alloy  MA-8  the  intragran- 
ular  glide  is  expressed  very  weakly.  Only  when  £  >  4%  can 
the  glide  tracks  be  seen  along  the  basal  plane,  and  no  in- 
tragranular  glide  along  the  nonbasal  planes  annears  (Figure 
42  a). 

During  hydrodetonation  punching  of  these  same  k.  .ter- 
ials  the  deformation  mechanism  becomes  cuite  different  — 
the  role  of  the  intragranular  gliding  and  twinning  grows. 
Intragranular  glide  appears  as  multiple,  and  within  one 
grain  the  glide  takes  place  both  along  the  basal  and  the 
non-basal  planes*  The  tracks  of  the  non-basal  glide  are 
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expressed  very  sharply  (Figure  42  b)  and  correspond  to  the 

The  lines  of  f?rain  boundaries. 

pencil  Judinr  SfJi  /  '*®?  ^  of 

tect  that  possible  to  de- 

they  consist  of  short  tracks  of  alternate  pllde 

cally  on*Flgure  43  ^Tha"'h^i\j^*!F^"’i!  shown  schemati- 

lini;  nJ  height  of  the  steps  on  the  glide 

iiS:  “i” 

graphing.  ^  ^  alnultanaous  focusius  during  photo- 
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On  nature  44  we  can  elaarly  see  the  Rlide  over  all 
three  planes.  In  the  body  of  the  f^rain  the  plidinn  takes 
place  over  the  basal  and  pyramidal  planes,  and  in  the  bound* 
ary  region  it  is  still  over  the  prismatic  planes.  In  this 
same  grain  we  can  see  the  deformation  twins  which  inter¬ 
sect  with  the  glide  lines. 

Thus,  unlike  alpha-titanium,  in  the  MA-8  alloy  after 
dynamic  loading  the  undulation  of  the  glide  tracks  does 
not  disappear,  but  rather  appears.  Consequently,  under  one 
and  the  same  regimes  of  dynamic  loading,  the  deformation 
mechanism  changes  differently. 

Interesting  results  were  obtained  in  reference  [110] 
by  studying  the  pulsed  deformation  of  single  crystals  of 
HgO.  Just  as  in  ion  crystals  with  an  NaCl-type  lattice. 


Figure  45.  Multiple  glide  iu  MgO  by  nulsed  deformation 
Clio].  The  plane  (110)  corresponds  to  the  nlane  of  the 
thin  section. 


glide  in  these  crystals  under  ordinary  ae'rormation  condi¬ 
tions  is  accomplished  along  the  densely  nocked  direction 
<110j^  and  along  the  planes  (llo).  Klien  and  Cdington  in¬ 
vestigated  the  deformation  of  MgO  crystals  after  contact 
detonation.  The  single  crystals  were  cut  along  the  planes 
(100),  (110),  and  (111)  and  deformed  between  lead  sheets 
so  that  the  plane  of  the  shock  wave  with  a  pressure  of  47- 
•0  koar  was  jspprexinately  parallel  to  the  directions  xlOO/, 
<110>,  and  <110.  To  identify  the  effective  glide  planes 
they  used  an  electron  microscopic  investigation  of  the 
thin  foils  by  tranaillumination. 

It  was  found  that  in  the  direction  <100),  in  addi¬ 
tion  to  the  ordinary  glide  along  the  planes  (110),  an  effect 
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fpom  additional  planes  of  the  set  (111)  is  observed.  The 
authors  mention  that  in  this  case  the  pi alonf  (110) 
is  still  preferential.  The  shearing  stresses  act inf  in 
the  system  (110)  <lIo^  may  be  significantly  decreased  by 
chanfinf  the  orientation  of  the  crystal  with  respect  to 
the  effective  force.  For  crystals  oriented  with  the  di> 
rection  <100^,  OlO^)!  and  vll^  elonf  the  front  of  the 
shock  wave,  the  shearinf  displacement  stresses  in  the 
system  (110)  ^llo)  comprise  O.SSdT,  0.25tr,  and  0,  respect¬ 
ively,  where  «S  characterises  the  amount  of  stress  applied. 


Consequently,  the  potentially  possible  glide  sys¬ 
tems  may  be  revealed  by  the  effect  of  the  sbeek  wave  in 
the  directions  <110^  and  <111^  of  the  crystal.  In  face, 
application  of  a  load  along  these  directions  permitted  find¬ 
ing  still  anotb./r  series  of  planes  acting  under  the  con¬ 
ditions  of  pulsed  loading. 


Figure  4S  shows  the  form  of  the  glide  tracks  on  the 
plane  (110)  for  MgO  crystals  subjected  to  impact  loading 
along  the  direction  ^110^.  Identification  of  the  glide 
tracks  shewed  that  in  pulsed  loading  of  the  HgO  cryetals 
the  glide  is  developed  along  the  planes  (100),  (110),  and 
(112).  For  crystals  deformed  in  the  direction  ^llO  glide 
was  also  detected  along  the  plane  (11^).  Regardlese  of 
';''e  effective  glide  plane,  the  direction  of  the  glide  pe¬ 
ns,  ned  as  <110>.  Glide  over  the  system  (110)  <110>  was 
observed  even  when  the  shock  wave  acted  along  the  (Clil^» 
although  in  this  ease  the  critical  displacement  stress 
for  the  plane  (110)  was  equal  to  sero.  The  authors  assoc¬ 
iate  this  with  the  action  of  the  reflected  shock  wave. 


Thus,  by  high-velocity  loading  of  the  NgO  crystals 
a  tendency  appears  quite  distinctly  to  multiple  glide. 

In  general  form  any  metal  can  be  characterised 
cm]  by  a  set  of  glide  planes  (h^^k^f^),  b2k2/2)»**** 

(h.k_/_)  with  the  corresponding  values  of  the  critical 
n  n  n 

cleavage  stresses 


'*1.  ti* 


(97) 


and  also  with  the  twinning  planes 


end  the  critical  stresses  for  twinning  cerreoponding  to  then 
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»;.  t;...v  (3a) 

Then  the  defornatlon  can  be  treated  as  a  relanation 

process,  accomplished  successively  alonp  those  plide  and 

twinning  planes  for  which  the  value  of  ^  is  reached  at 

cr 

a  given  moment.  If  we  know  (37)  and  (38),  we  can  compile 
the  series: 


T,,  T,  T|, 


(39) 


where 


From  (39)  we  can  t  «f-'resent  the  character  of  the 
change  in  the  deformation  mechanism  of  a  metal  with  in> 
crease  in  the  effective  stress.  The  diagram  on  Figure  46 
shows  that  in  the  general  case  there  may  be  four  stages 
in  the  change  of  the  deformation  mechanism  with  growth 
in  velocity  deformation.  The  extent  of  each  stage  is 
determined  by  the  relationships  between  the  previous  and 
subsequent  terms  of  the  series  (39).  On  the  basis  of  such 
an  approeeh  we  can  examine  the  possible  change  in  the  de> 
formation  mechanism  during  pulsed  loading  of  metals  of 
different  types  of  lattices. 

In  metals  with  an  fee  lattice  the  glide  planes  of 
the  set  (111)  are  active,  therefore  in  them  the  transition 
from  single  glide  to  multiple  takes  nlace  easily.  In  these 
metals  '2'^  and  1^3 1  *Bd  are  identical  and  the  develop- 

meat  of  multiple  glide  is  determined  by  the  increase  in 
the  effective  forces  of  the  value  of 't'..  allowing  for  the 

Schmid  factor.  Thus,  in  the  case  of  deformation  of  poly- 
crystalr  with  an  fee  lattice  at  low  velocities  (Pj  is  small) 

the  glide  takes  place  over  many  octahedral  planes.  With  in¬ 
crease  in  the  pressure  during  transition  to  pulsed  leads 
in  a  significant  range  of  defomatie:i  velocities  the  defor¬ 
mation  aechaaism  is  actually  unchanged,  since  the  relax¬ 
ation  of  stresses  as  a  result  of  gliding  along  the  planes 
(111)  is  high,  and  the  difference  between  for  the  octa- 

hedral  and  the  nen-octahedral  planes  is  significant.  These 
metals  have  little  sensitivity  to  increase  in  the  deforma¬ 
tion  velocity  in  a  'ignificant  range  of  deformation  veloet-' 
ties.  In  principlf  also  in  these  metals,  beginning  from  a 
certain  value  of  P,  the  glide  must  take  place  along  the  non- 
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octahedral  planesr  However  if  2'”®”"®®^  Is  found  to  be 
>  0* 

lafjjer  than?*^”  ”  for  a  fiiven  fee  netal,  then  the  develon- 
er 

ment  of  relaxation  of  stresoes  as  a  result  of  twinninr  nav 
lead  to  the  non-octahedral  planes  not  nartieipatinr  in  the 
deformation. 


Fixture  46.  Diafjram  of  the  ehanpe  in  deformation  neehanism 
with  inerease  in  deformation  velocity;  I.  sinrle  ^'lide; 
II.  multiple  Rlide;  111.  twinninr;  IV.  fracture. 


Hon>octahedral  observed  in  metals  with  a 

lar^e  enerf^v  of  packing  defects,  but  with  large  values  of 
pressure  of  the  shock  wave  (P  >  100  kbar)  it  may  take 
place  also  in  crystals  of  copper  [99,  112],  However  by 
pulsed  deformation  of  metals  with- an  fee  lattice  along  with 
the  glide,  twinning  is  observed  and  the  threshold  from 

which  the  twinning  begins  (see  Figure  46)  in  these  metals 
is  determined  by  the  energy  of  the  packing  defects. 

bet  us  look  at  the  mechanism  of  high-velocity  defor¬ 
mation  of  metals  with  a  hexagonal  densely-packed  lattice. 

From  Table  11,  for  example,  it  follows  that  in  mag¬ 
nesium  the  critical  displacement  stress  is  minimal  for  the 
basal  plane.  For  accomplishment  of  multiple  glide  in  mag¬ 
nesium  it  is  necessary  to  increase  the  effective  stresses 
by  several  times.  In  this  case  the  glide  takes  place  both 
along  the  basal  plane  and  the  prismatic  and  pyramidal  planes, 
which  in  fact  also  takes  place  during  hydrodetonation  de¬ 
formation.^  Simultaneously  we  observe  twinning  along  the 
planes  (1012).  Probably  in  magnesium  and  in  the  MA-8  alloy 

^  therefore  the  development  of  multiple  glide 

2  I  w  Ct* 

here  appears  sufficiently  distinctly.  For  these  same  metals 
it  was  established  that  with  values  of  the  maximal  pressure 
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UP  to  200  kbar  th«  deformation  is  developed  both  by  f^lid- 
inp  along  multiple  planes  and  by  twinning.  However  by  in« 
creasing  the  effective  pressure  uo  to  400  kbar,  at  which 
the  samples  are  already  fracturing,  the  basic  mechanism  of 
deformation  becomes  twinning. 


In  contrast  to  magnesium,  in  alpha-titanium  the  mul¬ 
tiple  glide  exists  already  at  ordinary  deformation  veloci¬ 
ties.  Increasing  the  effective  stress  during  nulsed  defor¬ 
mation  leads  first  of  all  to  the  critical  displacement  - 
stresses  increasing,  with  Increase  in  deformation  velocitv, 
this  being  especially  strong  for  the  non-basal  planes  (see 
Figure  32  b),  and  secondly  by  increasing  the  effective' 
stress  different  systems  of  twinning  begin  to  act  and  this 
mechanism  becomes  basic  in  the  process  of  stress  relaxation. 


Such  a  mechanism  is  possible  in  that  case  if  1*^  «  becomes 
twin 

greater  than  f  .  However,  if  we  alter  the  relationship 
rl  cr 

between  2*  and  in  alpha-titanium,  we  can  also  see 

cr  cr 

the  development  of  multiple  glide  during  high-velocity  de¬ 
formation.  For  example,  by  increasing  the  temperature  and 
correspondingly  reducing  the  value  of  the  critical  dis¬ 
placement  stresses,  over  all  the  glide  planes  we  can  create 

such  conditions  for  which 'S' becomes  less  than't^*!^*'. 

cr  cr 


Thus,  it  is  obvious  that  during  high-velocity  load¬ 
ing  in  metals  with  any  type  of  crystal  lattice  a  larger 
number  of  deformation  elements  is  realized  (glide  or  twin¬ 
ning)  than  during  quasi-static  loading.  It  is  obvious  that 
under  the  conditions  of  nuitiple  -glide  the  plasticity  of 
the  metals  will  be  the  greatest.  However  any  specific 
change  in  the  deformation  mechanism  will  depend  on  the  re¬ 
lationship  between  ®**d 

cr  cr 


6.  Boundary  Glide 

The  Role  of  Boundaries  in  the  Process  of  Deformation  of  Poly- 
Crystals 


The  presence  of  boundaries  produces  a  difference  in 
the  deformation  mechanism  in  single  crystals  and  in  poly¬ 
crystalline  aggregates.  For  a  polycrystal  it  is  character¬ 
istic  to  have  a  complex  deformation  as  a  result  of  the  de¬ 
velopment  of  boundary  deformation  and  twinning  .in  the  bound¬ 
ary  region. 

By  boundary  deformation  we  must  understand  the  plastic 
flow  by  gliding  in  the  boundary  band,  when  a  relative  dis¬ 
placement  takes  place  of  the  two  grains  when  a  stress  is  ap- 


-92- 


I 


I 


plisd  ov«r  th«ir  total  surfaea*  This  deformation  may  take  | 

place  in  the  zone,  bounded  by  the  width  of  the  boundary  or  4 

may  lead  to  a  displacement  completely  over  the  surface  of  j 

the  boundaries*  This  latter  is  more  often  observed  at  el>  | 

evated  temperatures  (T  ■>»»  Already  in  earlier 

metallo{;raphic  investigations  there  has  been  observed  the 
formation  of  steps  along  the  grain  boundaries  LllS]*  and 
an  anomalously  large  tension  (2000%)  of  the  alloys  of  eu» 
teetoid  composition  of  the  binary  systems  Pb-Sn  and  Sn«>Bi 
almost  fully  as  a  result  of  the  boundary  deformation  [114]. 
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Figure  47.  Possible  diagram  of  the  relay  glide  through 
the  grain  boundary. 


This  mechanism  also  plays  a  very  important  role  in 
the  deformation  of  metals  with  a  limited  number  of  glide 
systems.  In  metals  with  a  hexagonal  densely-packed  lat¬ 
tice,  the  boundary  deformation  takes  place  even  at  a  temp¬ 
erature  of  4.2°  K  [115].  Polycrystaliine  magnesium  frac¬ 
tures  at  5-10%  deformation,  whereas  single  crystals  of 
magnesium  may  be  deformed  by  250%  or  more  by  gliding. 

The  basic  reason  for  the  low  plasticity  in  polycrystaliine 
magnesium  is  the  development  of  a  boundary  deformation. 

In  significant  temperature  and  deformation  velocity  ranges, 
magnesium  and  its  alloys  fracture  along  the  grain  boundaries 
[116].  Consequently,  the  plasticity  of  these  metals  may  be 
increased  by  such  deformation  regimes  in  which  the  develop¬ 
ment  of  boundary  deformation  is  suppressed. 
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Let  us  examine  the  deformation  of  two  neighboring 
grains  in  a  polyorystal  (Figure  47).  Let  us  assume  that 
in  grain  1  a  uniform  glide  takes  place  over  one  plane.  Then 
in  order  that  no  disruption  in  continuity  between  grains  1 
and  2  take  place,  the  deformation  in  grain  2  must  take  place 
over  several  planes.  The  displacement  vector  E  is  expanded 
into  the  compoo  ,t8  Ej^  and  E2.  Here  the  deformation  condi¬ 
tions  in  the  ^.iist  and  in  the  second  grain  are  equal  to  each 
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oth«r.  According  to  the  condition  of  compatibility  of  the 
deformation  determined  by  Kises  C117]  and  Taylor  [119],  to 
retain  the  relationship  between  the  individual  grains  and 
to  prevent  cavities  at  the  boundaries,  in  each  grain  it  is 
necessary  that  there  be  an  effect  from  no  less  than  five 
glide  systems.  This  conclusion  follows  from  the  fact  that 
the  total  deformation  includes  six  components,  but  the  sum 
of  three  of  the  normal  deformation  components  is  equal  to 
zero,  since  the  volume  remains  constant*  Consequently 
only  five  of  the  independent  deformation  mechanisms  are 
required  to  obtain  five  independent  deformation  components. 

Taylor  sugg.ested  that  to  retain  the  continuity  of 
deformation  through  the  grain  boundaries,  all  grains  of 
the  polycrystal  must  be  subjected  to  the  same  macroscopic 
deformation*  In  deriving  his  relationship,  Taylor  assumed 
a  constancy  in  the  law  of  critical  shearing  stresses  in  the 
case  of  multiple  glide*  Chalmers*  experiments  [119]  on 
symmetrically  disoriented  bicrystals  of  tin  showed  that 
for  the  deformation  to  be  transmitted  from  one  crystal  to 
another  by  increasing  the  disorientation  between  crystals 
the  external  stresses  must  be  increased.  This  confirms 
that  the  grain  boundary  itself  does  not  influence  the  plas¬ 
tic  properties* 

Nevertheless,  if  we  know  the  law  of  deformation  of 
individual  crystals,  oriented  arbitrarily  in  space,  we 
still  can  not  describe  the  behavior  of  a  polycrystal*  In 
particular,  on  the  basis  of  the  orientation  of  the  crystal¬ 
lites  in  space  and  the  diagram  of  tension  of  the  single 
crystals,  by  computation  we  constructed  a  diagram  of  the 
tension  of  the  polycrystal;  however,  these  results  did 
not  coincide  with  the  experimental  ones.  Such  an  approach 
can  not  explain  the  well-known  fact  of  increase  in  friction 
with  decrease  in  the  grain  size. 

In  fact  the  grain  is  deformed  non-uniformly *  At  the 
grain  boundary  there  is  always  a  stress  gradient*  This  is 
due  particularly  to  the  fact  that  the  moduli  in  the  various 
directions  in  the  crystal  do  not  have  spherical  symmetry. 

As  a  result  the  field  of  stresses  generated  during  the  ap¬ 
plication  of  an  external  load  is  non-uniform*  TMs  can  be 
detected  by  the  methods  of  photoelasticity  even  in  the 
elastic  region  [119]* 

The  transfer  of  deformation  from  one  grain  to  another 
may  be  accomplished  either  as  shown  on  Figure  47  or  accord¬ 
ing  to  the  following  mechanism.  The  dislocations,  moving 
along  the  glide  planes,  reach  the  grain  boundary  and  are 
piled  up,  not  having  any  suitable  glide  plane*  At  the 
boundary  of  the  neighboring  grain  the  concentration  of 
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stresses  is  increased  and«  if  their  value  is  sufficiently 
high,  they  then  induce  glide  in  the  neighboring  grain  up 
to  the  amount  when  the  shearing  stresses  acting  in  them 
reach  values  of  the  critical  displacement  stress. 

In  reference  [103]  the  transfer  of  glide  between  two 
grains  was  observed  experimentally  on  bicrystals  of  NaCl  and 
LiF.  The  generation  of  dialocations  and  their  displacement 
under  the  action  of  an  external  stress  was  determined  from 
the  etching  holes,  and  the  value  of  the  external  stresses 
was  determined  by  photoelastic  methods.  It  was  found  that 
at  small  angles  of  disorientation  iS  <  5°(  the  deformation 
was  transmitted  by  relay  by  means  of  a  direct  break  in  the 
boundary  between  the  grains.  Here  the  stresses  necessary 
for  the  break  grew  linearly  with  increase  in  the  angle  of 
disorientation  between  the  grains.  At  larger  angles  of 
disorientj!i£ion,  in  spite  of  the  fact  that  the  stresses 
grew  by  several  times,  a  bre«.k  in  the  boundary  became  im¬ 
possible  and  the  deformation  was  transferred  by  means  of 
inducing  dislocations  in  the  neighboring  grain. 
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The  existence  of  a  stress  gradient  in  th«  boundary  i 

region  may  lead  to  the  development  of  defornation  mechanisms  > 

that  are  not  characteristic  of  single  crystals.  Hence  the  I 

basic  role  of  the  grain  boundaries  during  the  deformation  i 

of  metals  with  a  limited  number  of  glide  systems,  as  well  : 

as  during  high-temperature  deformation,  is  clear.  t 

< 

In  the  first  ease  the  significant  stresses  generated  i 

at  the  grain  boundaries  may  be  relaxed  by  means  of  deforma¬ 
tion  in  the  boundary  region,  and  in  the  second  case  —  the 
deformation  as  a  result  of  the  boundary  glide  is  greatly 
facilitated  due  to  the  heat  activation  of  the  process. 


In  metals  with  an  fee  lattice  having  a  sufficient 
number  of  different  glide  systems,  the  condition  for  com¬ 
patibility  is  satisfied  rather  easily.  Therefore  during 
ordinary  deformation  at  the  grain  boundaries  the  stress 
gradient  is  not  high  and  the  boundary  deformation  plays  no 
great  role.  In  metals  with  a  hexagonal  densely-packed  lat¬ 
tice  the  condition  for  compatibility  is  virtually  unsatis¬ 
fied,  therefore  then  the  role  of  the  boundary  deformation 
is  rather  high.  In  the  process  of  deformation  of  polycrys- 
talline  magnesium  at  the  temperature  of  liquid  nitrogen 
glide  is  developed  in  the  boundary  region  along  the  pris¬ 
matic  plane,  although  here  the  displacement  stresses  are 
several  times  higher  than  along  the  basal  plane  [103].  Due 
to  concentration  stresses  in  the  boundary  region,  twinning 
appears  in  magnesium^^  traveling  from  the  grain  boundaries 
along  the  planes  [1012]  even  with  small  degrees  of  deform¬ 
ation. 
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Tn  spite  of  the  numerous  investir.ations ,  the  mecha¬ 
nism  of  boundary  deformation  is  still  not  clear.  Ke  [120] 
assumes  that  the  existence  of  internal  friction  in  noly- 
crystals  is  due  to  relaxation  of  the  cleavage  stresses  at 
the  boundaries  by  means  of  ductile  rlide.  However  the  ve¬ 
locity  of  the  displacement,  computed  on  the  basis  of  data 
concerninF;  internal  friction,  exceeds  the  actuallv  observ¬ 
able  ones  in  the  bicrystals  by  five-eiyht  orders  of  mapni- 
tude.  The  experiments  of  Voloshina  and  Rozenberp  [121] 
with  bicrystals,  as  well  as  those  of  Rhines  et  al  [122], 
indicate  that  plide  exists  in  a  wide  zone  around  the  bound¬ 
ary  and  that  intrapr anular  glide  takes  place  up  to  the  on¬ 
set  of  boundary  deformation.  Thus,  the  hypothesis  of  duc¬ 
tile  glide  received  no  experimental  confirmation. 

Reference  [123]  suggests  a  dislocation  mechanism  of 
the  boundary  glide:  in  the  plane  of  the  boundary  the  dis¬ 
locations  are  split  into  several  partial  ones  and  the  bound¬ 
ary  deformation  takes  place  as  a  result  of  the  motion  of 
these  partial  dislocations  parallel  to  the  plane  of  the 
boundary.  Leak  [24]  assumes  that  the  relaxation  of  stres¬ 
ses  during  boundary  deformation  is  accomplished  by  means 
of  migration  of  the  grain  boundaries.  It  is  possible  that 
this  mechanism  is  also  realized  in  individual  eases  at 
elevated  temperatures. 

The  best  agreement  with  experiment  is  given  by  the 
theory  of  Fazon  et  al  [125],  in  which  the  relaxation  of 
stresses  takes  place  at  triple  points  and  other  defects  of 
the  boundary  and  any  further  displacements  are  controlled 
by  deformation  of  these  barriers.  In  view  of  the  local 
increase  in  effective  stresses  in  the  boundary  region, 
glide  is  possible  along  systems  which  are  absent  in  other 
segments  of  the  grain,  even  under  the  influence  of  a  mod¬ 
erate  displacement  stress  less  than  the  macroscopic  yield 
stress. 

Reference  [126]  mentions  the  predominant  role  of 
boundary  deformation  during  the  quasi-static  loading  of 
polycrystalline  magnesium  and  its  alloys  with  change  in 
deformation  velocity  from  lO'^  to  4  m/sec.  In  the  velocity 
range  investigated  by  them  the  fracture  took  place  at  the 
grain  boundaries  as  a  result  of  the  development  of  boundary 
deformation. 

However  at  significantly  higher  loading  velocities 
(100-200  m/sec)  the  plasticity  of  magnesium  and  the  MA-8 
alloy  grows  [108],  due  to  the  redistribution  of  the  contri¬ 
bution  from  the  various  deformation  mechanisms. 
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Let  us  examine  the  methods  of  (Quantitative  evaluation 
of  the  contribution  from  the  various  mechanisms  to  the  over¬ 
all  deformation. 


!i 


i 

i 


Expansion  Produced  by  Gliding  I 

I 

Quantitative  evaluation  of  the  deformation  based  on  \ 

coarse  p,lide  tracks  was  done  in  reference  tl28].  Let  us  ’ 

assume  that  the  Rrain  is  chaotically  arranged  in  space  and 
has  many  slide  systems.  Then  the  piide  bepins  alonp  the 
plane  arranped  at  an  anpla  of  45®  to  the  direction  of  the  ' 

tension  (Fipure  48).  As  a  result  of  slide  alonp  such  a 
plane  the  expansion  of  the  sample  is  determined  bv; 


e  = 
Rl 


(40) 


(The  quantities  a  and  a^  are  denoted  on  Fipure  48).  If  we 

^denote  the  displacement  in  the  direction  of  elide  bv  P 
then  Rl* 


<*  =  Y^o  +  P  j  H  2floP  j  cos  Y  , 


(41) 


where  a^  *  l/n*  and  n  is  the  number  of  slide  lines  per  unit 
of  initial  length. 

Taking  (40)  and  (41)  into  account,  we  obtain 


=  V  1  +  P*  rt*  +  2^^  cosy  —  1. 


Assuming  the  angle  ^  to  be  constant,  and  also  pn  <c  1, 
we  obtain 


(43) 


To  obtain  a  more  precise  expression  for  £■  ,  it  is 

necessary  to  carry  out  integration  in  the  range  of  possible 
angles  determining  the  position  of  the  glide  plane  with  re¬ 
spect  to  the  effective  stress. 
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Figure  48.  Diagram  explaining  the  method  of  determining 
the  amount  of  displacement  in  the  glide  tracks. 

1.  Surface  of  sample 


It  is  difficult  to  experimentally  measure  the  amount 
of  displacement  Ppj^t  therefore  we  determine  the  height  of 

the  step  h  of  the  glide  line.  From  Figure  48  it  follows  that 


p^j,sln  f  sin  0  s  h, 

« 

Assuming.^  equal  toir/4,  we  find 

A=s/jjj-^slnO.  (44) 

Differentiating  (44),  we  will  have 

dh  =  -^p  cosOdO. 

^  gl 


? 


Then  the  mean  value  of  the  height  of  the  step  will  be: 


•  r—  **** 

J  dh  ^  go  I  cos  OdO 

^a>F=  fl/2  “  H/j  (45) 

f  rf0  f  dft 

s  i 


2,22ft  . 

•/  3  av 


(4*)) 
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In  .n«  general  the  general  case  we  must  allow  for 
the  fact  that  the  displacement  in  the  tracK  depends  on 
the  magnitude  of  the  shearing  displacement  stress ‘2' .  If 
we  assume  that  the  displacement  is  proportional  to ’2;*  then 
it  is  easy  tc  show  that 


Pav"  2,3  hgy • , 


<46a) 


Yh^v  magnitude  of  h  is  measured  on  the  surface  of  the 
deformed  «^«mple.  because  of  the  overall  expansion  the 
heigi'.t  nj-  :he  step  is  decreased  by  times.  Then 


tot' 


(47) 


Substituting  (47)  into  formula  (43),  we  find  the 
final  expression  for  computing  the  deformation  caused  by 
the  coarse  glide  tracks 


Thus,  after  determining  the  number  of  glide  lines 
and  measutlng  the  height  of  the  step  on  the  tracks,  we  can 
compute  the  deformation  introduced  by  the  glide  tracks. 

The  height  of  the  steps  can  be  measured  usi.ig  an 
MXI-4  Linnik  interferometer,  which  permits  determining 
the  height  of  irregularities  on  the  surface,  beginning  from 
50  fin*  The  error  here  comprises  3-5%. 

In  those  cases  when  the  height  of  the  step  is  small, 
we  use  a  multibeam  interferometer,  the  sensitivity  of  which 
is  one  order  of  magnitude  higher*  The  quite  fine  relief  can 
be  investigated  in  an  optical  microscope  by  the  phase  con¬ 
trast  method  C56il. 

Scansion  Caused  by  Boundary  Deformation 


Two  methods  exist  for  evaluating  the  amount  of  bound¬ 
ary  deformation.  The  first  is  based  on  a  quantitative  meas¬ 
urement  of  the  displacements  in  the  boundary  region  (method 
of  MacLean),  the  second  is  based  on  comparison  of  the  defor¬ 
mation  of  individual  grains  and  that  of  the  entire  sample 
ss  a  whale  (the  method  of  Kachinger  Cl29]). 
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Just  as  In  intragranular  plide,  the  displaeenent  of 
grains  takes  place  not  only  in  the  longitudinal  direction 
but  also  in  the  direction  perpendicular  to  the  surface.  Here 
the  amount  of  the  boundary  Reformation  depends  on  orientation 
of  the  boundary  with  resiad:  to  the  effective  force,  l.e., 
on  the  size  of  the  angle  >\  This  can  be  explained  by  the 
fact  that  bouttdury  deformation,  iust  as  intragranular  glide, 
is  accomplished  under  the  ^gffect  of  shearing  stresses  which 
are  maximal  when  ^  «  45^ « 

Having  made  the  assumption  as  in  the  ease  of  intra- 
granular  glide,  we  find  an  expression  for  evaluating  the 
amount  of  the  boundary  deformation: 


'gb“  [{/ ^  “  »)]• 


and  under  the  condition  that  pn  1 


£ 


gh 


100.  n 

— i- ». 

JT. 


(49) 


where  Pj^  is  the  mean  displacement  along  the  grain  boundary; 
n  is  the  number  of  boundaries  per  unit  of  length  of  the  sample 

By  measuring  the  mean  vertical  displacement  component 
along  the  boundary  h  ,  we  find 

®  V 

'av=  >  .62^^  1^1  + %ot  •  <  5  0 ) 


The  procedure  described  was  used  by  Rosenberg  [59] 
for  evaluating  the  amount  of  displacement  in  the  glide  tracks 
during  creep. 

In  Rachinger's  method  C129],  which  may  be  used  only 
for  uniaxial  tension,  it  is  assumed  that  the  mean  grain  size 
prior  to  deformation  is  the  same  both  in  the  longitudinal 
and  transverse  directions.  The  mean  diameter  of  the  grain 
is  equal  to  1/n,  where  n  is  the  number  of  grains  per  unit 
of  length  of  the  sample. 

During  .uniaxial  tension  the  grain  is  expanded  in  the 
longitudinal  direction  and  is  contracted  in  the  transverse. 

If  the  grain  were  expanded  in  the  longitudinal  direction  bv 
a  magnitude  of  U then  its  mean  diameter  would  be  increased 

by  (1+6.  )  times,  and  in  the  transverse  --  it  is  increased  by 
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tiin«s.  This  leads  to  a  chanf^e  in  the  number  of  grains 
K 

per  unit  of  length  of  the  sample  in  the  longitudinal  and  trans* 
verse  directions: 


N  =. 
long 


n  I 


The  coefficient  1/k  takes  into  account  the  possible 
growth  in  grains  at  elevated  temperatures.  In  the  absence 
of  growth  in  the  grains  it  may  be  assumed  equal  to  unity  and 
then 


_  /**trans 


The  deformation  produced  by  the  grain  boundaries  can 
be  computed  as  the  difference: 


^gb“'tot-"g* 


Thus,  in  Rachinger's  method,  determination  of  the  mean 
deformation  of  the  grain  is  reduced  to  measuring  the  grain 
diameters  in  the  longitudinal  and  transverse  directions. 

The  complexity  of  this  method  involves  the  fact  that 
to  reach  the  required  accuracy  it  .is  necessary  to  measure  the 
diameters  of  1000  to  3000  grains.  The  number  of  required 
measurements  may  be  decreased  if  we  determine,  the  ratio  of 
the  longitudinal  and  transverse  diameters  of  each  grain;  the 
accuracy  of  the  method  increases  in  such  case. 


References  [108,  1093  studied  the  contribution  of  the 
various  mechanisms  to  the  deformation  of  magnesium  and  the 
MA-8  alloy  during  quasi«static  and  high-velocity  deformation. 

, ,  -3 

Under  the  conditions  of  quasi-static  loading  (£  -  10 

sec*'^)  the  plastic  flow  is  basically  accomplished  by  means  of 
boundary  deformation  and  twinning.  Even  with  a  degree  of 
deformation  less  than  1%  a  relief  appears  on  the  grain  bound¬ 
aries.  With  growth  in  the  degree  of  deformation  the  displace' 
ments  in  the  boundary  region  reach  2-3  pm*  The  greatest 
value  is  that  of  the  junction  of  several  grains  (Figure  49), 
where  the  condition  of  compatibility  of  the  grain  deformation 
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is  espscially  hard  to  satisfy.  The  devalonnent  of  a  bound* 
ary  daforrdation  produces  the  appearance  of  nicrocracks,  which 
produce  fracture  of  the  nafi^nesiun  and  the  MA*8  alloy. 


Figure  49.  Quasi'Static  deformation  of  the  MA*8  alloy.  In* 
terference  lines  are  concentrated  in  the  boundary  sone  and 
at  the  junctions  of  the  grains  t  «  2%. 


Intragranular  elide  is  expressed  very  weakly;  even 
with  degrees  of  deformation  near  10%  the  glide  tracks  give  ■ 
a  quite  fine  relief  that  can  be  detected  only  with  the  aid 
of  an  interference  microscope.  Here  the  displacement  does 
hot  exceed  0.03  |um. 

Such  a  character  for  the  development  of  plastic  do* 
formation  involves  both  the  limited  number  of  possible  glide 
systems  and  their  their  characteristics  of  the  orientation 
of  the  sheet  material.  As  is  clear  from  the  pole  figure 
(Figure  SO),  the  grain  distribution  in  the  KA*8  alloy  is 
such  that  the  basal  plane  (0001)  deviates  no  more  than  35^ 
from  the  sheet  plane.  Here  in  the  overwhelming  majority  of 
grains  the  deviation  does  not  exceed  15®.  Thus,  the  grain 
is  oriented  unfavorably  for  basal  glide.  In  pure  magnesium 
the  orientation  is  still  sharper. 

Under  conditions  of  pulsed  loading  the  deformatiop 
mechanism  of  these  metals  changes  sharply.  The  quantitative 
contribution  of  the  various  mechanism*  to  the  overall  deform* 
ation  also  changes  substantially.  The  density  of  the  glide 
line>t  and  twins  over  the  body  of  the  grain  is  sharply  in* 
creased  and  the  displacement  in  the  boundary  region  is  de* 
creased. 
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Quantitative  evaluation  of  the  amount  of  the  various 
types  of  deformation  under  hydrostatic  and  nulsed  loadinr  was 
done  in  LlOS]  by  the  HacLean  method. 


Figure  50.  Pole  figure  (0001)  of  sheets  of  the  HA-8  allov 
in  the  original  state. 


The  contribution  of  twinning  was  eomnuted  using  the 
same  formulas  that  were  used  to  determine  the  amount  of  in- 
tragranular  glide  and  boundary  deformation.  Here  we  meas¬ 
ured  the  density  of  the  twins  per  unit  of  length  of  the 
sample  and  the  height  of  the  step  on  the  twin.  The  total 
deformation  was  assumed  equal  to  100%. 

The  results  obtained  for  magnesium  and  the  MA-8  alloy 
are  shown  on  Table  15. 

If  the  basic  contribution  belongs  to  boundary  deforma¬ 
tion  (more  than  60%)  in  the  hydrostatic  loading  of  magnesium 
and  the  MA-S  alloy,  then  by  detonation  loading  the  basic  part 
of  the  deformation  is  accomplished  by  means  of  intragranular 
glide  (45%)  and  twinning  (40%),  and  the  amount  of  the  boundarv 
deformation  is  reduced  to  10%. 

The  effect  of  redistribution  o»  the  ecu  i  ri  .jution  the 
various  meclianisrs  is  so  high  jt  greatly  excee.ls  nossible 
error.  Thus,  the  density  of  the  glide  tracks  c.  cring  puJ  re  ; 
deformation  increases  by  30-40  tij'.e?,  and  th-**  >;*  .  r.ity  of  the 
twins  increases  by  3-4  times. 
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Table  15,  Contribution  of  the  Various  Mechanisns  to  the  Overall 
Deformation  of  Mapnesiun  and  the  MA-8  Alloy 


M«TrpH«/l 

(1) 

Maniiift 

(2) 

Cn;iaB  MA-S 
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NArOVMCHKII 
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Jlonn  ft  oriu(cfl  -’Lil 
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MA>8  alloy 
Method  of  loading 
Hydrostatic 


Detonation 

Contribution  to  total  deform* 
ation«  %  . 

Intrapranular  r.lide 
Twinninp 

Boundary  deformation 


Decreasing  the  amount  of  boundary  deformation  favor¬ 
ably  influences  the  plastic  properties  of  magnesium  and  its 
alloy  —  their  plasticity  more  than  doubles. 

Such  a  redistribution  of  the  contribution  from  the 
various  mechanisms  to  the  overall  deformation  can  be  ex¬ 
plained  by  the  characteristics  of  the  intragranular  glide 
during  pulsed  deformation.  As  mentioned  above,  during  pulsed 
deformation  of  these  alloys  multiple  glide  is  carried  out 
over  the  planes  (0001),  (loio),  and  (1011).  The  development 
of  multiple  glide  favors  satisfaction  of  the  condition  of 
compatibility  of  deformation  of  the  individual  grains,  which 
leads  to  a  decrease  in  the  stress  gradient  at  the  grain  bound¬ 
aries,  as  a  result  of  which  the  development  of  boundary  de¬ 
formation  is  slowed  down  and  its  contribution  to  the  overall 
deformation  is  reduced. 
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CHAPTER  5 

TWINNING  UNDER  CONDITIONS  OF  HIGH-VELOCITY  DEFORMATION 


Twinning;  is  a  process  which  competes  with  gliding  in 
the  relaxation  of  externally  applied  stress.  Just  as  the 
gliding  process (  it  is  associated  with  restructuring  of  the 
crystal  lattice.  In  each  specific  case  relaxation  may  take 
place  by  one  or  another  means  or  simultaneously  by  the  two 
mechanisms, if  there  are  the  proper  premises  for  this  both 
from  the  viewpoint  of  geometry  of  the  process  and  from  the 
energetic  viewpoint. 

1.  Crystallography  and  Dislocation  Twinning  Models 

Twinning  can  be  represented  as  the  uniform  disnlace- 
ment  of  one  part  of  a  crystal  with  respect  to  another,  par* 
allel  in  some  way  to  the  rational  crystallographic  plane. 

The  spherical  volume  of  radius  R,  separated  from  the  crys* 
tal  as  a  result  of  the  twinning  displacement,  is  converted 
into  an  ellipsoid.  If  one  of  the  twinning  planes  coincides 
with  the  twin-'original  crystal  boundary,  then  the  displace¬ 
ment  as  a  result  of  such  shift  will  be  that  shown  on  Figure 
51.  The  twinning  process  can  be  described  by  any  pair  of 
components  (K^  and  i(^2  ^2  Rl^  magnitude  of 

the  shift  S  (for  a  single  radius  of  the  sphere)  or  the  size 
of  the  angle  2f  associated  with  it. 

If  the  twinning  plane  is  K^,  then  the  shift  S  must 

lead  to  the  formation  of  a  rational  crystallographic  direc¬ 
tion  1^2  (usually  with  small  indices).  By  twinning  along 

the  plane  K2  the  rational  indices  must  have  the  direction  1^^. 

For  highly  symmetrical  crystal  lattices  such  as  face- 
centered  cubic,  body-centered  cubic,  and  hexagonal  densely- 
packed,  the  twinning  process  can  be  represented  schematically 
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as  a  shift  of  planes  lying  to  one  side  of  a  certain  v^'o- 
plane,  taken  for  the  twinning  plane  (figure  52). 


Figure  51.  Deformation  of  the  spherical  volume  of  a  pi?ystal 
as  a  result  of  twinning*  and  are  the  possible  planes 

of  twinning,  that  are  common  for  the  ellipsoid  of  deforma* 
tion  and  of  the  original  sphere;  and  the  dix^ec- 

tions  of  the  twinning  displacement  lying,  respect ivelyi^  in 
the  planes  and  K2*  The  plane  coincides  with  the  boun¬ 
dary  twin-original  crystal* 

1*  Crystal-twin  boundary 


a  b  c 


Figure  52*  Diagram  of  the  twinning  process  by  means  of  a 
simple  displacement;  a.  original  state;  b.  twins;  c.  rela¬ 
tionship  between  the  amount  of  the  displacement  S  and  the 
parameters  (f  and  d  for  the  simple  lattice. 


The  displacement  as  a  result  of  twinning  will  be  such 
that  the  position  of  the  atoms  in  the  plane  1,  2,  etcetera, 
will  become  a  mirror  of  the  respective  atoms  in  the  planes 
-1,  -2,  etcetera,  arranged  below  the  nlane  of  symmetry,  which 
is  the  plane  of  twinning.  Since  the  rlanes  and  the  direc¬ 
tions  of  twinning  may  have  only  simple  crystallographic  indi¬ 
ces,  from  Figure  52  c  it  follovjs  that  the  amount  of  the  dJs- 
nlacement  T  will  be 


f »  —  4d», 


(53) 


lOf.- 


where  F  is  the  modulus  of  the  arbitrarily  selected  direction 
in  the  crystal  lattice,  connectinir  the  two  atoms  in  the  planes 
-1  and  1}  d  is  the  interplanar  spacing;  of  the  selected  system 
of  oarallel  planes. 

The  amount  of  the  single  displacement  S  then  will  be 
S  *  T/d,  whence 


Replacing  F  by  a  shorter  vector  of  the  lattice  b,  using  the 
extreme  value  of  S  «  1,  and  solving  equation  (54)  relative  to 
d,  we  find  the  inequality 


•’I 

1 

I) 

I 

I 


(55) 


Inequality  (55),  as  well  as  the  diagram  shown  on  Figure 
52  e,  permit  predicting  the  possible  crystallographic  indices 
of  the  plane  and  direction  of  twinning  for  simple  crystal 
structures  Cl30]. 

Treating  the  twinning  process  as  a  uniform  displace* 
ment,  Schmid  and  Boas  C131]  showed  that  twinning  is  assoeia* 
ted  with  change  in  the  sise  of  the  sample  in  the  direction  of 
applied  stress.  The  change  £  •  ^****®*’*  ^0 

sent  the  distance  between  the  two  boundary  planes  of  twinning, 
respectively,  before  and  after  deformation)  depends  on  the 
amount  of  displacement  S.  During  tension  the  maximal. expan¬ 
sion  is 


and  during  contraction  the  maximal  shortening  will  be  equal  to 


g  cont  s  ,  1/  i*  ,  , 

^  max  . 


If  the  direction  of  the  applied  stress  lies  in  the 
plane  of  twinning  or  Kj,  then  the  twinning  does  not  lead 

to  change  in  dimensions.  Thus,  the  sign  of  the  deformation 
will  depend  on  the  crystallographic  orientation  of  the  sample. 
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PiRura  53  shows  the  axis  of  the  deformed  samnle  on  a 
sphere  of  projection.  Here  we  can  distinguish  the  repions 
in  which  the  sip.n  of  deformation  as  a  result  of  tv/inninp 
will  be  positive  (the  unshaded  part)  or  nepative  (the  shaded 
part).  Such  a  conclusion  follows  from  purely  peometric 
treatment  of  twinninp  as  a  process  of  displacement  determined 
by  the  plane  and  the  direction  of  the  displacement. 

However  we  know  that  the  final  sipn  of  the  deformation 
is  determined  by  the  directionality  of  the  external  stress. 

If  a  tensile  stress  is  applied  to  the  samnle,  then  r jpardless 
of  its  crystallopranhic  orientation  the  sample  is  increased 
in  the  direction  of  the  effective  stress  and  decreased  in 
cross  section.  Durlnp  contrac.tinp  stress  the  picture  will  be 
the  opposite. 

In  all  metal  crystals  possessinp  a  hiph  symmetry  of 
the  crystal  lattice  there  are  'about  ten  adequate  twinninp 
systems  from  the  crystallop.raphic  viewpoint,  but  differently 
oriented  with  respect  to  the  effective  stress.  Therefore  it 
is  obvious  that  if  a  tensile  stress  is  applied  to  the  sample, 
those  systems  of  twinninp  will  act  which  pive  a  positive  de* 
formation,  and  during  contraction  —  those  which  pive  a  nep¬ 
ative  deformation. 


Figure  53.  Regions  of  possible  orientations  for  twinning  on 
a  sphere  of  projection. 


The  onset  of  twinninp  of  a  layer  in  a  crvstal  is  as¬ 
sociated  with  the  reorientation  of  the  metal  found  between 
the  two  extreme  planes  of  twinning  in  comparison  with  the  ma¬ 
trix.  Let  HKL  be  the  indices  of  the  twinninp  plane  or  K2» 
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Then  if 


and  [UVW]  be  the  indices  of  the  direction  or 

some  plane  of  the  crystal  prior  to  twinninp  had  the  indices 
(hkOt  then  followinr  twinninp  the  indices  of  this  nlane  be 
(h'k'r  )  C1313: 

V  ^hiHU  KV  +  LW)  —  2H{Vh+Vk+Wl  , 

kf  =  k(HU  +  KV  LW)^2K{Uh-\- Vk-\- Wl ,  <58) 

r  --  i(HU  +  KV+  LW)  -  2L  (Uh  +  Yk  +  Wl). 

The  crystallographic  direction  [uvw]  after  twinninp 
will  have  the  indices  Cu'v'w']: 


tt'  «  «  (HU  H-  KV  V,LW)  —  2U  (Hu  +  /fc  +  Lw), 

V v(HU  KV  +  LW)^2V(Hu-\-Kv  + Lu)  (59) 

ttf  =-w(HU KV LW)--2W(Hu-\- Kv  + Lu) 


Equations  (58)  and  (59)  may  be  very  useful  for  analyz- 
inp  changes  in  the  pole  figure.  After  experimentally  determ¬ 
ining  the  displacement  of  the  orientation  maxima,  we  can  com¬ 
pute  the  twinning  systems  associated  with  this  orientation 
transition. 

The  dislocation  twinning  mechanism  was  described  by 
Cottrell  and  Bilby  [132] t  later  this  theory  was  further  de¬ 
veloped  by  Venables  [133,  134].  In  accordance  with  the  dis¬ 
location  mechanism,  which  in  the  literature  is  often  termed 
a  polar  mechanism,,  twinning  of  the  layer  is  generated  under 
certain  conditions: 

1.  The  twinning  dislocation  must  be  formed  by  dis¬ 
placement  in  the  plane  which  becomes  the  twinning  plane. 

2.  The  Burgers  vector  of  the  polar  dislocation  must 
have  a  component  that  is  perpendicular  to  the  twinning  plane 
or,  what  amounts  to  the  same  thing,  equal  to  the  internlanar 
spacing  for  the  twinning  Plane. 

3.  Polar  dislocation  must  be  sufficiently  well  secure 
in  order  to  resist  stresses  moving  ">  the  twinning  disloca¬ 
tion.  The  roost  reliable  assurance  is  in  the  case  if  the  polar 
dislocation  is  a  sessile-tync  dislocation. 

4.  Twinning  and  polar  dislocations  along  with  the  total 
dislocation  line  must  form  a  site  which  is  the  nole.  Twinning 
dislocation  must  have  the  possibility  o  moving  in  the  twinning 
plane  relative  to  the  pole. 
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Twinning  Elements  of  Crystals  With  a  Body-Centered  Cubic  Lattice 

After  taking  b  =  1/2  till]  a,  in  ineouality  (55)  for 
crystals  with  a  bcc  lattice,  we  will  have: 


2  2  2  2  2 

Since  a  /d  s  H  tL  ,  then  the  sun  of  the  squares  of 
the  Indices  of  the  twinning  plane  must  be  no  more  than  six. 

To  select  the  twinning,  plane  there  are  a  number  of  limita¬ 
tions:  such  a  Plane  for  example  can  not  be  the  plane  of  sym¬ 
metry  (for  more  detail  see  [130]).  In  crystals  with  a  bcc 
lattice  the  twinning  plane  is  the  planes  of  the  set  £1123* 

The  minimal  displacement  leading  to  symmetrical  arrangement 
of  the  sites  relative  to  such  plane  will  be  1/6  [111]  a. 


Figure  54.  Diag.ram  of  twinning,  according  to  the  polar  mech¬ 
anism  in  a  bcc  lattice  [132]:  OA  is  the  single  dislocation 
in  the  plane  (112)  with  a  Burgers  vector  a/2  [111];  OB  is 
the  sessile  dislocation  with  the  Burgers  vector  a/3  [112]; 
OFEDB  is  the  twinning  dislocation  with  the  vector  a/b  [111]. 


If  the  single  dislocation  OA  is  found  in  the  plane 
(112)  (Figure  54),  then  at  point  0  it  is  split  into  two  par- 
'*;ial  dislocations  according  to  the  reaction 


Then  OB  --  the  sessile  dislocation  a/3  [112]  —  remains  im¬ 
mobile,  and  the  loops  OEOB  may  be  displaced  to  the  plane  (112) 
The  Burgers  vector  for  the  dislocations  in  the  plane  (112)  and 
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(I21)  is  on*  and  th*  aam*.  The  sef'ment  of  the  mobile  loop  OC 
may  freely  convert  to  the  plane  (I21),  formini;  a  contour 
which  twins  the  dislocation  OFEOB  and  is  equal  to  a/6  [111]. 

With  complete  rotation  for  one  turn  of  the  vector  OF 
around  the  point  0  a  single-layer  twin  is  formed  with  displace* 
ment  along  OB  by  a  magnitude  of  a/6  [l21].  For  twinning  ac¬ 
cording  to  the  described  mechanism  it  is  necessary  to  have  a 
dissociation  of  th*  complete  dislocations  and  consequently 
the  formation  of  a  segment  with  a  packing  defect.  The  stress 
which  is  necessary  for  the  formation  of  such  a  segment  is 
proportional  to  |/E  (where  y  is  the  energy  of  the  packing  de¬ 
fect  and  S  is  the  Burgers  single  dislocation  OA).  With  a 

value  of  y  100  erg/cm  for  the  formation  of  a  twin  accord¬ 
ing  to  th*  described  mechanism  in  the  bcc  lattice  there  must 
be  a  stress  that  is  near  the  theoretical  strength. 

Reorientation  of  the  crystal  lattice  as  a  result  of 
twinning  is  shown  on  Figure  55.  The  displacement  of  the 
atoms  led  to  their  symmetrical  arrangement  relative  to  the 
twinning  plane  (112),  which  is  the  interface  matrix-twin. 

S  is  the  amount  of  the  single  displacement  obtained  by  one 
rotation  of  the  twinning  dislocation.  The  displacement  in 
the  other  planes  is  a  multiple  of  this  value. 

In  cubic  crystals  there  are  twelve  systems  fll2} 

<111^,  by  which  twinning  may  take  place.  Realization  of 
on*  or  another  system  depends  on  the  amount  of  the  cleavage 
stress  proportional  to  the  Schmid  coefficient.  In  the  stan¬ 
dard  triangle  it  is  difficult  to  determine  the  orientation 
of  crystals,  for  which  only  the  twinning  system  will  be  ef¬ 
fective,  However  it  has  been  proven  that  this  is  such  an 
orijntation  for  which  the  ratio  of  cleavage  stresses  (or 
what  amounts  to  the  same  thing,  the  Schmid  coefficients) 
for  two  of  the  most  heavily  loaded  systems  [135]  is. the 
greatest.  Figure  56  shows  the  contours  of  such  a  ratio  for 
different  orientations  in  the  triangle  during  tension  and 
contraction.  From  these  data  in  particular  it  follows  that 
the  minimal  number  of  twinning  systems  is  realized  during 
contraction  in  that  case  if  the  stress  is  applied  in  the 
direction  [355],  lying  on  the  line  [111]-[110],  and  during 
tension  this  direction  deviates  by  toward  the  center  of 
the  triangle. 


In  reference  [13C]  single  crystals  of  silicon  iron 
were  deformed  in  various  crystallographic  directions.  The 
results  are  given  on  Table  16.  Under  the  influence  of  a 
shock  wave  in  the  direction  [111]  during  contraction  three 
twinning  systems  may  be  realized.  Of  the  other  nine  systems, 
three  have  an  orientation  factor  equal  to  zero,  and  the  other 
six  systems  appear  only  under  tension. 
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Figure  55.  Projection  on  the  plane  (llo)  of  the  matrix  and 
the  twinned  layer  of  a  bcc  lattice.  The  twinning  plane  Is 
(112),  direction  of  twinning  is  [III]:  I.  twinned  layer; 
II.  projection  of  the  twin;  III.  projection  of  the  matrix; 

0  a  atoms  lying  In  the  plane  of  the  drawing;  0  *  atoms  dls« 
placed  relative  to  the  plane  of  the  drawing  above  or  below 
by  a  value  of  a  V2/2. 


I 


1 
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In  the  direction  Cll2j  the  shock  wave  may  Induce  four 
systems,  for  which  the  orientation  factor  Is  equal  to  0.39 
and  0.16*  Of  these  four  systems  three  were  determined  metal* 
lographlcally  In  the  form  of  tracks  on  the  plane  (ill).  Of 
the  other  eight,  three  have  a  displacement  stress  equal  to 
zero  and  five  may  act  only  under  tension. 
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Table  16,  Twinning  in  Single  Crystals  of  Silicon  Iron,  De¬ 
formed  in  Different  Crystallographic  Directions 
[136] 
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Direction  of  shock  wave 
Plane  of  observation  of 
the  twins 

Humber  of  the  twinning 
system 

System  of  twinning 
Orientation  factor 


Existence  of  twins  in  the 
system 

Twinning  detected 
Same 

Twinning  not  detected 
Same 

*  Twinning  over  these  systems 
possible  only  under  tension 
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Figure  56 «  Contours  of  the  ratio  of  Schmid  coefficients 
'for  two  of  the  most  heavily  loaded  twinning  systems  £ll2^ 
^111^  under  contraction  (a)  and  tension  (b)  [135] • 


In  the  deformation  by  contraction  in  the  direction 
[001]  eight  twinning  systems  appear.  But  on  the  plane  (110) 
they  are  detected  in  the  form  of  four  systems  of  tracks.  The 
largest  number  of  twins  is  found  along  the  planes  ^113}. 


Taking  the  minimal  displacement  in  the  fee  lattice  in 
inequality  (55)  as  S  «  1/2  [110]  a^  we  find  that  the  twinning 
plane  may  be  (ill}  with  a  displacement  in  the  direction  <112)^. 
The  correctness  of  this  statement  has  been  proven  in  numerous 
experiments. 

h  necessary  premise  for  the  formation  of  a  twin  in  an 
fee  lattice,  according  to  Venables,  is  the  formation  of  long 
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Elements  of  Crystals  With  a  Face>Centered  Cubic 
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Figure  57.  Diagram  of  twinning  according  to  the  polar  mech¬ 
anism  in  an  fee  lattice  [1373:  (111)  is  the  coniugate  plane; 

(111)  is  the  transverse  plane;  (111)  is  the  nrimary  glide 
plane. 


thresholds  in  the  plane  adjoint  to  the  primary  glide  plane. 
These  thresholds  are  generated  when  the  dislocation  S  ,  mov- 

p 

ing  in  the  transverse  plane  (ill),  meets  a  dislocation  for¬ 
est  in  its  path,  that  is  located  in  the  conjugate  plane  (III) 
(see  Figure  57).  Then  the  segment  of  the  dislocation  AB  un¬ 
der  certain  conditions  may  dissociate  according  to  the  equa¬ 
tion: 


-f  (1011=,^  (111,. 

+  -f  IT21I 


I 

f 


with  the  formation  of  the  twinning  dislocation  a/6  [121]  and 
the  polar  dislocation  a/3  [III].  As  a  result  of  the  full  ro¬ 
tation  of  the  polar  dislocation  the  segment  of  the  disloca¬ 
tion  in  the  primary  plane  b.  is  shifted  to  the  transverse 
plane  by  a  value  AB  with  formation  of  the  defect  along  (111). 
The  new  splitting  will  still  give  one  jump  similar  to  AB, 
etcetera. 


Reorientation  of  the  fee  matrix  as  a  result  of  twin¬ 
ning.  was  examined  in  Figure  58,  where  the  projection  of  the 
crystal  on  the  plane  (110)  is  given.  The  boundaries  of  the 
twins  represent  a  track  of  the  plane  (111).  In  the  nlane  of 
the  drawing  (llo)  we  see  the  atoms  with  coordinates  of  the 
type  CCOOOj]  and  [[1/2,  1/2,  0]].  The  atoms  with  coordinates 
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Figure  58«  Projection  on  the  plane  (llo)  of  the  matrix  and 
twin  in  an  fee  lattice  C1383«  The  twinning  plane  is  (111), 
the  displacement  direction  is  [llSl*  The  white  circles  rep¬ 
resent  atoms  arranged  in  the  plane  of  the  drawing.  The  black 
ones  are  shifted  upward  and  downward  with  respect  to  the  plane 

of  the  drawing  by  .  I  is  the  twinned  layer;  II  is  the 

project^ion  of  the  matrix;  III  is  the  twin  projection. 
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[[1/2  (5  1/2]]  .ind  no  1/2  i/2lJ  are  fshifted  above  and  below 


relative  to  the  nlanc  (llc)  !)V  a  value  of 


a  y/7 


As  if.  o.ivious  fron  the  diapram  shown,  twinninp  chanr<tn 
the  order  of  arranpenent  of  the  atonic  lavers,  in  the  direct¬ 
ion  oerncndicular  to  the  plane  (ill).  The  usual  order  of 
arranpenent  for  fee  netals  AhCAtiC  Is  restructured  into  the 
order  ABC  [BAC]  ABC.  The  sepnent  of  the  crystal  included  in 
the  brackets  is  a  twinned  layer  with  mirror  arranpenent  of 
the  atoms  relative  to  the  twinninp  plane. 

Twinninp  Elements  of  Crystals  With  a  Hexaponal  Densely-Packed 
Lattice  — If.  I  ... 

Twinninp  in  hexaponal  crystals  has  no  such  uniformity 
as  in  cubic  crystals.  The  nlanes  and  even  the  direction  of 
twinninp  nay  vary  as  a  function  of  the  temnerature  and  veloc¬ 
ity  of  the  defornation,  the  depree  of  dopinp  of  the  alloy, 
and  the  orientation  of  the  prain. 


Figure  59.  Planes  of  twinning  in  a  hexagonal  densely-nacked 
lattice. 


As  yet  we  are  unable  to  systematize  and  explain  one 
or  another  system  of  twinninp,  in  each  specific  case. 

Numerous  attempts  have  been  made  to  associate  the  be¬ 
havior  of  hexagonal  metals  during  deformation  with  the  ratio 
of  the  lattice  constants  e/a.  However  here  also  no  orderly 
system  has  been  found.  Twinning  along  the  plane  ^^012^  in 
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the  direction  [1011],  which  Is  encountered  most  often,  was 
found  In  cadmium  (c/a  s  1.886),  marneslun  (c/a  e  1.623),  and 
In  beryllium  (c/a  >  1.568).  At  the  same  tine,  as  will  be 
shown  later,  titanium  (c/a  «  1.587 )^durinr  static  deforna* 
tlon  is  twinned  alonp  the  plane  fl012},  and  during  hlph- 
velocity  deformation  furthermore  aloni;  the  olanes  £ll2lj 
and  {llz2J.  Table  17  shows  the  twlnninp  svstems  for  the 
various  metals  with  a  hexaronal  densely-packed  lattice. 

The  twlnninn  planes  shown  on  Flfrure  59  are  the  ones  most 
often  encountered. 

Reorientation  of  the  twinned  sepment  with  respect  to 
the  matrix  durlnp,  twlnnlnp  alonp  the  plane  (1012)  Is  shown 
on  ripure  60.  Here  the  projection  Is^plven  for  both  sep- 
ments  of  the  crystal  on  the  nlane  (I2I0).  If  we  take  the 
hexaponal  prism  for  the  unit  cell,  then  le  of  the  atoms 
with  the  base  [[000]]  and  one  of  the  thr^a  atoms  with  a 
base  of  the  type  [[1/3  2/3  1/2]]  will  enter  the  plane.  The 
other  atoms,  as  Is  clear  from  Fipure  62,  are  found  above 
or  below  the  plane  of  the  drawlnp.  Analogously  we  can  also 
construct  the  twlnnlnp  dlaprams  alo  ip  the  other  planes  [139]. 

2.  Deformation  by  Twlnnlnp 

Twlnnlnp  In  Metals  With  a  Hexagonal  Densely-Packed  Lattice 

Mechanical  twlnnlnf,  In  metals  and  alloys  with  a  hex¬ 
agonal  densely-packed  lattice  has  been  studied  numerous 
times  in  connection  with  the  different  conditions  of  nlas- 
tlc  deformation.  For  example,  twinning  has  been  detected 
during  tension,  pressing,  rolling, and  detonation  nunchlng 
of  polycrystalline  crystals  of  magnesium  and  Its  alloys. 
Twinning  exerts  a  substantial  influence  on  the  properties 
of  metals.  The  stresses  concentrated  at  the  boundary  of 
the  twin  or  at  the  point  of  Intersection  of  two  twins,  may 
be  the  reason  for  the  formation  of  microcracks,  and  It  may 
alter  the  level  of  the  microstresses.  As  will  be  shown, 
the  formation  of  twins  substanially  Influences  the  strength¬ 
ening  process. 

Reed-Hlll  [140]  found  a  complex  twinning  In  single 
crystals  of  magnesium  under  tension  parallel  to  the  plane 
(0001).  It  was  experimentally  shown  that  the  part  of  the 
twins  forming  first  along  the^planes  (loll)  and  (1013)  are 
retwinned  along  the  plane  (1012)  in  the  process  of  plastic 
deformation. 

In  the  Investigations  of  Couling  et  al  [141]  a  sig¬ 
nificant  twinning  was  observed  during  rolling  of  an  Mg-Th 
alloy.  Here  the  authors  showed  that  when  the  degree  of  def¬ 
ormation  per  operation  does  not  exceed  2%,  repeated  rolling 
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Fif^ure  60.  Projection  of  the  matrix  and  twin  in  an  hexagonal 
densely-packed  lattice  on  the  plane  (l2l0).  The  twinning 
plane  is  (lolo)  and  the  direction  of  the  displacement  is 
Cioll^t  I  is  the  layer  of  the  twin}  II  is  the  projection  of 
the  matrix;  III  is  the  projection  of  the  twin. 
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Mechanical  twlnninp  takas  place  at  stresses  much  less 
than  the  theoretical  strength  of  an  ideal  crystal.  Heverthe* 
less,  for  the  onset  of  twinninf;  the  stresses  must  be  consid¬ 
erably  greater  than  for  gliding,  and  further  development  of 
the  process  may  take  place  even  at  lower  stresses.  Unlike 
gliding,  for  twinning  it  is  difficult  to  establish  the  mag¬ 
nitude  of  the  critical  displacement  stress.  The  values  which 
have  been  derived  for  the  actual  twinning  stress  by  various 
authors  sometimes  differ  by  100  times  [14].  Such  scatter  is 
caused  both  by  methodical  errors  and  because  twinning  during 
static  deformation  depends  strongly  on  the  presence  of  stress 
concentrators.  Local  stresses  may  be  formed,  for  examnle,  by 
the  pile-up  of  dislocations.  Price  [143],  during  the  deform¬ 
ation  of  zinc  whiskers,  found  that  the  critical  twinning 
stress  is  equal  to  100  Hn/m2  (lo  kgf/mm2)  during  favorable 
orientation  and  600  Hn/m2  (60  kgf/mm^)  in  individual  samples. 
If  we  eliminate  the  influence  of  the  concentrators,  then  the 
necessary  stress  is  400-650  Hn/m2  (40-65  kgf/mm2).  Accord¬ 
ing  to  the  data  in  [144], for  the  onset  of  twinning  in  zinc 
whiskers  there  must  be  a  stress  of  500  Hn/m2  (50  kgf/mm2) 
and  for  growth  of  the  already  existing  twin  it  is  less  than 
5  Mn/m2  (0.5  kgf/mm2). 


Figure  61.  Dependet^ce  of  stress  necessary  for  formation  of 
twins  on  energy  of  packing  defects  of  copper  alloys  doped 
with  zinc,  aluminum,  and  germanium  [134]. 
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R«f«r«ne«  Cl45]  showed  that  by  lowerinj;  the  daforma' 
tion  tamparatura  tha  rasistanea  to  twinning  in  zinc  is  in- 
eraasad  by  four-fiva  tinas*  In  titanium  by  lowering  tha 
tamparatura  and  pulsed  load  tha  twinning  planes  are  modified. 
All  this  indicates  that  determination  of  a  critical  twinning 
stress  involves  considerable  experimental  difficulty. 

By  investigating  transition  metals  and  alloys  on  their 
base,  in  rafaranca  [146]  it  was  found  that  tha  moment  of  ap¬ 
pearance  of  twins  depends  on  tha  magnitude  of  tha  effective 
stress.  Twins  are  generated  under  loads  which  exceed  a  cer- 

tain  given  magnitude  of  twinning  stress  which  is  determ¬ 

ined  basically  by  the  energy  of  the  packing  defects  of  the 
alloy  and  depends  on  its  chemical  composition.  The  depend¬ 
ence  of  twinning  stress  on  energy  of  the  packing  defects  ^  was 
also  mentioned  in  reference  [134],  where  copper,  doped  with 
various  elements  that  lower  y,  was  investigated  (Figure  61). 
The  magnitude  of  the  stress  at  which  the  twins  are  generated 
depends  on  the  purity  of  the  crystal.  Bochvar  at  al  [147] 
established  that  the  stress  necessary  for  onset  of  twins  in 
zone-refined  bismuth  is  almost  half  that  of  technical  bismuth. 


Figure  62.  Schematic  dependence  of  the  critical  cleavage 
stress  of  gliding  and  twinning  on  deformation  temperature. 
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Decreasing  the  temperature  and  increasing  the  deform¬ 
ation  velocity  facilitates  the  development  of  twinning.  With 
decrease  in  temperature  a  transition  is  observed  from  glid¬ 
ing  to  twinning.  This  involves  a  different  temperature  de¬ 
pendence  of  the  critical  gliding  stresses  and  twinning 

stresses  (^g^)  (Figure  62).  The  equation  is  satis- 
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fied  at  a  certain  temperature  T.,  When  7  < 

d  ^  d  cr  cr* 

olastic  deformation  begins  by  tv/inninr.  Tor  metals  v;ith  an 

fee  lattice, for  example ,  must  be  less  than  the  critical 

cleavare  stress  alonp  the  plane  {ill}.  When  T  >  plidinr 

is  preferred.  Since  varies  more  weaklv  with  deformation 
p1 

velocity  than 'f  [148,  149],  increasinp  /  shifts  T.  to  the 
cr  **  d 

repion  of  hipher  temperatures. 

Just  as  in  all  similar  cases,  in  the  slianinp  of  lew 
formations  it  Is  interesting  to  examine  the  orip.in  and  the 
pro\>apation  velocity  of  the  twin.  The  secondary  velocity 
may  be  represented,  for  example,  as  the  rate  of  displacement 
of  the  twinninp.  dislocation  alonp  the  line  OB  (see  Tipurc  54). 
However  it  is  extremely  difficult  to  obtain  such  data  exner- 
imentally.  In  reference  [ISO]  an  attempt  was  made  to  eval¬ 
uate  the  linear  density  of  twins,  i.e.,  their  number,  or  rate 
of  formation  per  unit  of  time  as  a  function  of  the  amount  of 
deformation.  According  to  the  data  in  [150],  the  linear  den¬ 
sity  prows  only  up  to  2%  of  the  deformation,  then  remains 
constant.  These  results,  however,  are  contradicted  bv  num¬ 
erous  experiments  according  to  which  a  hiph  stress  is  neces¬ 
sary  for  the  onset  of  twinninp.  Furthermore,  direct  metal- 
lopraphic  investipations  show  that  it  is  mainly  the  number 
of  twins  that  prows  with  davelopment  of  the  deformation. 
Takenchi  [151]  estimated  the  rate  of  propapation  of  the  anex 
of  the  twin  in  iron  in  the  direction  parallel  to  the  shift 
<111 >.  The  value  of  2.S  mm/^sec,  which  he  found,  is  near 
the  rate  of  propapation  of  transverse  waves.  In  the  perpen¬ 
dicular  direction  the  velocity  was  6  mm/yusec. 


In  this  case  it  is  more  proper  to  evaluate,  as  is 
done  in  the  majority  of  works,  the  rate  of  propapation  of 
the  twin  by  experimentally  determininp  the  time  of  its  nron- 
apation.  Bunshah  [152]  studied  the  rate  of  propapation  of 
twins  in  bismuth,  zinc,  and  iron  at  various  temperatures. 

In  all  eases  this  rate  comprises  a  significant  part  of  the 
rate  of  propagation  of  the  elastic  transverse  wave.  For  bis¬ 
muth  it  almost  reaches  this  latter  (1800  m/sec),  and  for 
zinc  and  iron  it  comprises  approximately  half.  The  reason 
for  the  rapid  propagation  of  twins  is  the  large  difference 
in  the  formation  stresses  and  growth  of  the  layer.  It  is 
interesting  that  in  the  deformation  of  bismuth  in  the  range 
from  '^20  to  -195**  C,  the  rate  of  propagation  of  the  twin  is 
practically  identical.  Analogous  results  were  also  found 
on  iron  in  the  temperature  range  of  -196  <*  C  to  ■fl23°  C  at 
a  deformation  velocity  of  lO****  sec'l  [151].  Thus,  growth 
in  twins  is  obviously  not  a  thermally  activating  process. 
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At  th«  present  tine  there  are  no  directly  cxnerinental 
data  that  determine  the  influence  of  deformation  volocitv  on 
the  rate  of  nropanation  of  the  twins*  Uut ,  as  has  been  shov/n, 
the  rate  of  propagation  is  near  the  velocity  of  the  elastic 
wave.  At  the  sane  tine,  fron  Chapter  2  it  follov>r.  that  the 
velocity  of  dislocation  displacement  by  increasinp  the  ex¬ 
ternal  stress  approaches  those  sane  values  but  docs  not  ex¬ 
ceed  them  i.  Consequently,  we  can  exnect  that  the  increase 
in  deformation  velocity,  just  as  the  chanpc  in  temperature, 
is  not  substantially  expressed  in  the  rate  of  nronapation  of 
the  twins. 

If  we  take  on  the  averape  the  rate  of  twin  nropapation 
to  be  equal  to  approximately  2000  m/sec,  and  the  lenp.th  of 
the  twin  to  be  commensurate  with  a  prain  sl?.e  of  20  ^n,  then 
we  find  that  the  tine  of  the  formation  of  the  twinned  layer 
is  about  lO'S  sec.  This  time  is  certainly  less  than  the  tine 
of  application  of  the  pulsed  load*  More  innortant,  for  the 
formation  of  a  twin,  we  nevertheless  do  not  require  a  stress 
in  the  hundreds  or  even  in  the  tens  of  kilobars. 

The  twinninp  characteristics  in  napnesiun  and  the  HA-8 
alloy  on  a  mapnesiun  base  (1.32%  Mn,  1.2%  Zn,  0.32%  Ce)  were 
studied  bu  us  [108,  109]  in  the  detonation  and  hydrostatic 
ounchinp  of  half-spheres,  havinp.  a  radius  of  about  ISO  mm. 

In  the  billets  we  prew  a  prain  of  about  500  un  in  size;  the 
surface  of  the  samples  prior  to  deformation  was  polished  in 
15%  HNOg. 

The  twins  durinp,  quasi-static  deformation  of  mapnesium 
and  the  MA-8  alloy  are  usually  developed  from  the  prain  boun¬ 
daries  (Fipure  63).  They  have  a  lenticular  loop  and  within 
a  sinp.le  prain  they  are  propapated  in  one  or  two  directions. 
Analogous  twins  were  also  detected  in  reference  [126]  and 
identified  as  £loI^  ^loll^.  Although  in  the  general  case 
twinning  nay  be  accomplished  in  all  six  pyramidal  planes,  in 
static  deformation  it  takes  place  only  along  those  for  which 
the  magnitude  of  the  shearing  stresses  reaches  a  certain 
value  of  V for  the  given  twinning  plane.  Reaching  ^  is 

CP  CP 

facilitated  by  the  presence  of  stress  concentrators,  which 
in  the  given  case  are  the  p.rain  boundaries.  During  pulsed 
loading  the  role  of  twinning  grows  significant!.-  both  in 
magnesium  and  in  the  MA-8  alloy*  Under  these  conditions  the 
twinning  takes  place  along  a  greater  number  of  planes;  the 
number  of  twins  grows  by  two  to  three  times  and  they  are  ar- 


^  Supersonic  dislocations  in  this  case  do  not  have  to  be  ex¬ 
amined  since  for  the  movement  of  such  dislocations  we  assume 
the  lack  of  barriers  in  the  glide  plane  and  for  the  formation 
of  twinning  dislocations  there  must  be  a  fixed  pole. 
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ranged  in  thraa  to  four  diroetlona  (Figure  64).  Here  the 
deforaation  twins  appear  both  in  the  boundary  region  and  di» 
reetly  in  the  body  of  the  grain,  i.e.,  their  generation  de» 
pends  to  a  lesser  degree  on  the  stress  concentration  at  the 
grain  boundaries  than  during  quasi^statio  deformation.  The 
density  of  the  twins  i.e.,  the  number  of  twins  inter¬ 

secting  the  straight  line  in  one  field  of  the  thin  section, 
during  pulsed  deforaation  is  increased  by  almost  three  times. 
Zf  during  the  quasi«>statio  deformation  up  to  f  «  4%,  n^^  > 

2.9,  then  during  pulsed  deformation  with  the  sane  degree  of 
deformation,  n^„  ■  6.6. 
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Figure  63.  Twinning  in  magnesium  by  static  deformation.  The 
individual  twins  cone  from  the  grain  boundaries.  Within  a 
single  grain  the  twins  are  parallel,  thus  indicating  a  single 
twinning  system.  X  300. 


Twinning  progresses  with  increase  in  the  degree  of 
deformation  regardless  of  the  loading  velocity,  but  this  pro¬ 
cess  takes  place  more  abruptly  by  detonation  punching. 

Joshlnaga  and  Horinchi  C1533  observed  a  pile-up  and 
subsequent  slow-down  of  the  dislocations  in  the  displacement 
plane  £ll3o3  in  the  deformation  of  magnesium.  Rather  high 
stresses  were  generated  in  the  plane  that  were  partially  re¬ 
laxed  by  bending  the  crystal  along  this  plane  and  partially 
by  extensive  twinning  along  the  (10X2 J  under  conditions  which 
are  completely  uncharacteristic  of  twinning.  This  led  to  a 
significant  strengthening  of  the  magnesium  crystal,  similar 
to  the  strengthening  of  metals  with  an  fee  lattice  at  the 
second  stage,  although  the  strengthening  for  magnesium  was 
6/1000,  which  is  several  times  lower  than  for  the  foe  metals 
C154], 
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Figure  64.  Twins  in  magnesium  during  detonation  deformation, 
arranged  along  four  different  planes. 


In  addition  to  the  magnitude  of  the  critical  cleavage 
stress,  one  or  another  twinning  system  is  determined  by  the 
orientation  factor.  Reed*Hill  [155]  studied  twinning  in 
zirconium,  whose  grains  had  a  different  orientation  of  the 
basal  plane  with  respect  to  the  applied  load.  Computation 
shows  that  the  maximum  of  the  orientation  factor  for  the 
various  twinning  systems  is  found  ut  different  angles  to 
the  basal  plane  (Figure  65  a).  The  identification  of  twins 
made  by  the  authors  in  the  variously  oriented  grains,  is 
shown  in  the  form  of  histograms  on  Figure  65  b.  The  results 
agree  well  with  the  computed  coefficients. 

If  the  twinned  layer  is  oriented  such  that  the  glide 
olanes  are  favorably  arranged  to  the  effective  stress,  it  is 
possible  to  have  a  gliding  process  inside  the  twin.  Such  an 
example  is  shown  on  Figure  66.  Inside  the  forming  twins  we 
can  see  traces  of  base  gliding.  Probably  this  may  be  an 
illustration  of  a  specific  case  when,  in  spite  of  the  nast 
twinning,  a  stress  level  was  retained  that  is  sufficient  for 
gliding  along  the  basal  plane  by  favorable  orientation  of 
the  plane  with  respect  to  the  applied  stress. 

The  dependence  of  the  width  of  the  x-ray  lines  of  the 
KA-8  alloy  on  the  degree  and  type  of  deformation  (Figure  67) 
has  a  slightly  unusual  form.  Even  with  small  degrees  of 
quasi-static  and  pulsed  deformation  (E  %  2%)  the  width  of 
the  line  (0006)  grows  by  almost  three  times  in  comparison 
with  the  original  value  and  then  nractically  grows  no  more. 
At  the  same  time  the  width  of  the  line  (0002)  is  monotoni- 
cally  increased  in  the  entire  range  of  the  degrees  of  defor¬ 
mation. 
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Figure  65.  Change  in  the  orientation  factor  (a)  for  the 
various  twinning  and  gliding  systens  along  £lOlo3  and  dis¬ 
tribution  of  the  number  of  grains  with  different  systems 
of  twins  (b)  as  a  function  of  the  angle  of  slope  of  the 
basal  plane  C155];  I.  grains  without  twins  with  gliding 
along  iioioj;  II.  twins  along  the  plane  £llS2};  III.  twins 
along  the  plane  {ll2l}i  IV.  twins  along  the  plane  £l0l23« 
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the  load  and  the  plane 
(0001) 


Number  of  grains 
Angle  between  the  axis 
of  the  load  and  the  plane 
(0001) 


Figur*  66.  Pulsed  deformation  of  magnesium.  Visible  are 
tracks  of  the  base  glide  and  twins.  Inside  the  twinned 
layers  is  seen  the  base  glide  of  a  lower  density  than  in 
the  matrix.  X  600. 


Figure  67.  Dependence  of  the  width  of  the  x-ray  lines 
(0008)  and  (0002)  of  the  MA-8  alloy  on  the  degree  and  type 
of  deformation:  1.  dynamic  deformation;  2.  quasi-static 
deformation. 

1.  rad. 10^ 

The  results  of  harmonic  analysis  on  the  shane  of  the 
line  showed  that  the  size  of  the  blocks  of  coherent  scatter¬ 
ing  is  decreased  with  increase  in  the  degree  of  deformation 
(Figure  68).  Such  a  dependence  was  found  repeatedly  on  many 
materials.  But  the  size  of  the  microdeformations  (Figure  69) 
is  also  decreased,  and  its  drop  is  more  sharply  exnressed 
during  high-velocity  deformation.  This  somewhat  unusual  re¬ 
sult  can  be  understood  by  examining  it  in  connection  with 
the  deformation  mechanism  at  the  various  stages  of  the  pro¬ 
cess.  With  small  degrees  of  deformation,  although  the  crit¬ 
ical  cleavage  stress  of  twinning  is  not  yet  reached,  all  the 
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Fi(>ure  68,  Chanpe  in  the  size  of  the  experimental  HA-8  alloy 
as  a  function  of  type  and  decree  of  deformation:  1.  dynamic 
deformation;  2.  quasi-static  deformation. 


deformation  takes  place  by  frlidlnf!  alonn  some  sinple  system 
that  is  most  favorably  oriented  with  respect  to  the  external 
stress.  Ourinf;  this  period,  in  the  absence  of  a  sjfficient 
amount  of  the  relaxation  processes,  the  microdeformations 
grow  rapidly.  But  after  reaching  a  given  magnitude  the 
stresses  are  relaxed  as  a  result  of  the  developing  process 
of  twinning.  As. is  clear  from  Table  15,  with  an  increase 
in  the  degree  of  deformation,  the  twinning  role  is  increased, 
which  also  leads  to  the  dependence  shown  on  Figure  69.  This 
is  manifested  especially  sharply  during  high-velocity  defor¬ 
mation.  lohari  and  Thomas  ClS6]  mentioned  that  the  density 
of  the  dislocations  is  lowered  by  the  appearance  of  twins. 


Figure  69,  Change  in  the  magnitude  of  microdeformations  in 
the  HA-8  alloy  as  a  result  of  the  type  and  degree  of  deform¬ 
ation.  The  symbols  are  the  same  as  in  Figure  68, 


Titanium  is  very  sensitive  to  the  loading  procedure. 
The  mechanism  of  its  deformation  varies  as  a  function  of  the 
diagram  of  the  stressed  state  Cl57,  158],  the  velocity  [1591, 
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and  the  defornation  temperature  Cl60!l.  If  the  deformation 
is  accomplished  by  gliding,  in  the  process  of  tension  at  room 
temperature,  then  a  larfje  number  of  twins  is  observed  durinr 
twisting.  Increasing  the  rate  of  the  tension  from  0,8  to 
24  mm/min  significantly  intensifies  the  twinning  nrocess 
tl59]. 

In  our  work  we  investigated  type  VT-1  technically  nure 
titanium.  The  billets  were  subiected  to  quasi-static  deform¬ 
ation  at  a  velocity  of  about  10”3  sec*i  on  a  hydraulic  test- 
ting  press  or  on  a  1000-ton  hydraulic  nress. 

High-velocity  deformation  war.  done  either  according  to 
the  detonation  diagram  (see  Figure  4)  or  by  the  electromag¬ 
netic  method  described  in  Chapter  1.  In  both  cases  the  de¬ 
formation  velocity  vfas  about  lO*^  sec-1, 

For  the  intermediate  deformation  velocity  (about  10 
sec“l)  we  used  plastomere,  whose  design  was  described  in  ref¬ 
erence  [161]. 

We  grew  a  grain  of  about  200  ^m  in  size  in  the  billets 
with  the  aid  of  two-fold  and  three-fold  deformation  up  to  a 
critical  degree  of  7-8%  and  subsequent  annealing  at  800**  C. 

The  surface  on  which  we  studied  the  glide  and  twin  tracks 

was  first  polished  in  an  electrolyte  with  a  composition  of  , 

80%  HjSO^,  10%  HF  and  10%  HjO,  at  a  current  density  of  15  A/cm^, 

Quasi-static  deformation,  as  already  mentioned,  begins 
from  gliding  (Figure  70  a).  With  increase  in  the  degree  of 
deformation  the  number  of  systems  included  in  the  gliding  is 
increased,  and  only  when  6*  *  15-18%  (Figure  70  c)  do  individ¬ 
ual  twins  appear  in  a  single  direction. 

The  mechanism  varies  sharply  in  deformation  by  deto¬ 
nation  and  during  electromagnetic  punching.  The  deformation 
is  almost  completely  accomplished  by  twinning  (Figure  71). 
Depending  on  the  orientation  of  the  grain  with  respect  to 
the  effective  stress,  the  twins  have  a  different  shape,  which 
apparently  is  already  due  to  the  rate  of  growth  rather  than 
to  the  conditions  of  twin  origin.  But  in  either  case  quite 
a  few  twinning  systems  are  detected.  In  grains  with  wide 
twins  we  can  observe  any  interaction  between  them  within 
the  framework  of  the  classification  suggested  by  Startsev, 
Kosevich,  and  Tomlenov  [162], 

Ul’yanov  and  Moskalenko  [160]  assume  that  the  shape 
of  the  twins  in  alpha-titanium  depends  on  the  twinning  system. 
But  they  made  no  identification,  A  different  shape  of  the 
twins  under  impact  tension  was  also  detected  in  reference 
[163],  These  authors  assume  that  the  shape  of  the  tvrins  is 


-130- 


»  «  '  '■/- 


V  \  \'\ 


Figure  70.  Deformation  tracks  in  technically  cure  titanium 
type  VT-1  after  quasi^static  deformation:  a.  ^  =  5%;  visi- 
ble  are  tracks  of  prismatic  gliding;  b.  £  s  io%;  basal  and 
prismatic  gliding  are  developed;  c.  £  &  18%;  twins  appear 
arranged  in  one  direction.  X  500. 


determined  by  the  deformation  velocity,  assuming  that  at 
small  velocities  the  time  of  applying  the  load  is  greater 
and  this  facilitates  growth  of  the  twin.  Such  an  oninion 
is  not  correct,  since  it  is  known  that  for  the  development 
of  twinning  we  need  a  significantly  lower  stress  level  than 
for  the  onset,  and  the  time  of  application  of  this  stress 
is  undoubtedly  greater  than  the  time  of  the  non-diffusion 
dis^  :.aeement. 


••'■m*^*{!*^'*'^  'VT\' 


Th«  explanation  suf.geated  in  reference  [163]  is  not 
confirmed  by  our  experiments  either*  The  twins  shown  on 
the  two  photographs  on  Figure  71  have  been  produced  in  var¬ 
ious  grains  on  one  and  the  same  sample  deformed  by  12%  de¬ 
tonation. 

By  carefully  preparing  the  surface  of  the  thin  section 
in  samples  of  alpha-titanium  it  is  possible  to  produce  etch¬ 
ing  holes  which  permit  identifying  the  twins  and  the  glide 
lines  in  the  individual  grains*  Depending  on  the  orientation 
of  the  grain  of  alpha-titanium  to  the  plane  of  the  thin  sec¬ 
tion  the  shape  of  the  etching  holes,  as  shown  on  Figure  72  a 
may  be  different*  For  identification  on  a  great  circle  of 
projections  (Figure  73)  from  the  microphotographs  the  etching 
holes  (shaded  triangle  in  the  center  of  the  circle)  and  the 
twin  tracks  oriented  toward  them  are  shifted*  Since  the 
sides  of  the  isosceles  triangle  are  tracks  of  the  intersec¬ 
tion  of  the  plane  of  the  thin  section  with  the  planes  of  the 
set  £loIoJ,  then  the  gnomonic  projections  of  these  planes 
must  lie  on  the  normals  to  the  sides  of  the  triangle  (the 
thin  dotted  lines  on  Figure  73  b)*  Then  we  can  determine 
the  position  of  the  gnomonic  projection  of  the  basal  plane 
(0001),  which  is  90°  away  from  (Ollo)  and  from  (1010)*  Thus 
the  grain  orientation  has  been  determined* 

Possible  twinning  planes,  as  we  know,  depend  on  the 
type  of  crystal  lattice*  Therefore  on  the  great  circle  of 
projections  in  accordance  with  the  grain  orientation  we 
plot  the  projections  of  the  planes  which  may  be  the  twinning 
planes*  For  titanium  it  is  feasible  to  plot  the  projections 
of  the  planes  {loi2},  {ll2ll,  {ll523,  and  £ll53j* 

At  the  same  time  the  stereographic  projection  of  the 
twinning  plane  plotted  from  the  microphotograph  must  lie  on 
the  normal  drawn  toward  this  nlane  and  passing  through  the 
center  of  the  great  circle  of  projections.  On  Figure  75  the 
twinning  planes  are  identified  as  (I2l2)  and  (1012)*  The 
glide  tracks  may  be  identified  analogously. 

Identification  of  a  large  number  of  thin  sections 
showed  that  during  quasi-static  deformation  in  alpha-titanium 
the  twinning  takes  place  only  along  planes  of  the  set  £loI^, 

for  which  obviously  ^  is  minimal.  During  high-velocity 

cr 

deformation  titanium  in  addition  is  twinned  along  the  planes 
{llSl}  and  {1122}*  Fine  twins,  analogous  to  those  shown  on 
Figure  71,  were  produced  by  Reed-Hill  and  Buchman  [164]  in 
zirconium  and  called  "zig-zag"  twins*  Interpretation  de¬ 
termined  the  twinning  planes  as  and  {lll^l}. 
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Figure  71,  Microstructure  of  type  VT-1  titanium  after  high- 
velocity  deformation.  In  one  grain  the  twins  are  arranged 
along  several  crystallographic  planes.  C  s  12%.  Depending 
on  the  orientation  of  the  grain  the  twins  have  a  different 
shape,  X  500. 


Twinning  in  the  VT-1  titanium  and  the  OT-4  alloy 
(2.92%  A1  and  1.4%  Mn)  at  various  deformation  velocities 
was  studied  by^  Knizhnik  [1653.  For  identification  of  the 
twins  in  single-phase  alpha-titanium  type  VT-1  the  method 
described  in  reference  [166]  was  used  also  for  the  identi¬ 
fication  of  twins,  in  the  OT-4  alloy  and  an  assumption  of 
crystallographic  correspondence  was  made,  according  to 
which  the  particles  of  beta-titaniun  are  arranged  along  the 
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rigur*  73.  identification  of  twins  from  the  etchinn  holes: 
a.  twins  and  etching  holes  in  alpha-titanium;  b.  great 
circle  of  projections;  triangle  in  the  center  is  similar  to 
the  etching  hole;  the  heavy  solid  lines  are  tracks  of  the 
ttfins;  the  heavy  dotted  lines  are  the  normals  to  the  twin¬ 
ning  planes;  o  are  the  possible  twinning  nlanes;  e  are  the 
indices  of  the  twinning  planes  visible  on  the  nicronhotogranh, 

planes  JloicJ  of  the  alpha-phase.  The  deformation  velocity 
varied  from  0,00167  to  600  n/sen.  The  author  assumes  that 
by  increasing  the  deformation  velocity  the  nunher  of  twinning 
systems  is  decreased  and  the  twinning  systems  £lf.0i3  and 
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[Continued  from  previous  pape] 


c 

Fipure  74,  Pole  figures  (0001)  of  the  VT-1  alloy:  a,  after 
rolling;  b,  after  quasi-etatic  deforma'bion;  c*  after  pulsed 
deformation. 


Lll02S,  appearing  statically  are  changed  after  detonation  into 
tllSl3  and  ill223  for  the  VT«1  alloy  and  into  {2S01}  and  {21^033 
for  the  OT-4  alloy. 

Twinning  along  the  planes  with  such  large  indices  is 
encountered  very  seldom,  and  as  a  rule,  is  not  confirmed  by 
further  investigations.  In  magnesium  the  twins  which  first 
were  identified  as  (3034)  [167]  were  found  to_be  twins  (loll) 
and  (I0I3)  which  are  then  retwinned  along  (10I2)  [140],  In 
reference  [165]  it  would  probably  be  necessary  to  confirm  the 
structural  correspondence  of  beta-  and  alphi-titanium  by 
electron  diffraction,  which  may  change  under  pulsed  loading 
conditions. 

In  recent  years  analysis  of  the  orientation  has  been 
made  not  only  as  a  method  of  describing  the  isotropicity  of 
the  properties  of  metals,  but  also  as  a  method  of  investiga¬ 
ting  the  elements  of  gliding  and  twinning  [146],  Such  a 
relationship  undoubtedly  has  proper  structural  nremises,  but 
as  yet  no  overall  diagram  exists  which  permits  making  any 
quantitative  evaluation  in  each  individual  case. 
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Tht  original  sheats  of  the  VT>1  alloy,  which  we  de¬ 
formed  by  detonation  and  quasi-statically ,  had  an  orientation 
that  is  characteristic  of  many  metals  with  a  hexagonal  densely- 
packed  lattice.  The  basal  plane  (0001)  was  turned  by  approx¬ 
imately  30^  around  the  direction  of  rolling  (Figure  74).  Dur¬ 
ing  quasi-static  and  hydrodetonation  deformation  the  change 
in  orientation  has  a  common  trend.  With  increase  in  the  de¬ 
gree  of  deformation  a  secondary  orientation  maximum  (0001) 
appears  that  forms  an  angle  of  about  20°  with  the  plane  of 
the  rolling.  But,  as  we  can  see  from  Figure  74  b  and  c,  du¬ 
ring  detonation  deformation  the  secondary  maximum  appears  sig¬ 
nificantly  earlier.  An  analogous  change  in  the  orientation 
was  mentioned  in  references  [166,  169]  by  doping  titanium 
with  zirconium.  The  authors  associate  the  appearance  of  sup¬ 
plementary  maxima  with  change  in  the  effective  twinning  sys¬ 
tems. 

Twinning  in  Metals  With  an  fee  Lattice 

Twinning  in  metals  and  alloys  with  an  fee  lattice  is 
not  such  a  common  mechanism  for  the  relaxation  of  stresses  as 
in  hexagonal  densely-packed  metals.  Analysis  of  references 
[156,  170-172]  shows  that  the  onset  of  twinning  in  metals 
and  alloys  with  an  fee  lattice  depends  mainly  on  the  follow¬ 
ing  factors t 

(1)  The  amount  of  energy  of  the  packing  defects  in 
the  metal  or  alloy  and  correspondingly  the  degree  of  doning 
of  the  alloy} 

(2)  Temperature  of  deformation; 

(3)  Veloci'y  of  deformation; 

(4)  Original  crystallographic  orientation  with  re¬ 
spect  to  the  effective  stress. 

The  curve  for  the  tension  of  metals  with  an  fee  lattice 
at  low  temperatures  has  a  characteristic  shane  with  a  segment 
of  the  broken  line  where  twinning  is  actively  developed  (Fig¬ 
ure  75).  The  formation  of  twins  is  accompanied  by  character¬ 
istic  cracking  and  propagation  of  Neumann  bands  over  the  en¬ 
tire  deformed  volume.  Deformation  curves  analogous  to  those 
shown  on  Figure  75  were  obtained  for  the  tension  of  copper 
[171]  and  of  alloys  of  copper  with  gallium  and  germanium  [172]. 

v/ith  increase  in  the  deformation  velocity  in  several 
metals,  and  especially  in  alloys,  twins  annear  along  the  nlanc 
of  the  octahedron  at  room  temperature  and  even  at  elevated 
temperature  [173,  156,  lOlJ  and  from  a  certain  value  of  the 
velocity  (or  value  of  the  peak  pressure)  this  process  nro- 
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Figure  75,  Stress-strain  curve  for  the  AutlO%  Ag  alloy  at 
77.30  K  £172], 

1.  Hn/m^(kgf/nm^) 


grasses i  the  contribution  of  twinning  to  the  overall  defor- 
nation  grows.  The  pressure,  at  which  twinning  begins,  varies 
in  wide  ranges  for  the  various  metals  and  alloys.  A  definite 
relationship  is  seen  between  this  pressure  and  the  energy  of 
the  packing  defects  (Table  18).  On  the  Cu-Al  alloy  [156]  it 
is  shown  that  the  density  of  the  twins  is  increased  with  in¬ 
crease  in  pressure,  and  the  thickness  of  the  twinned  layer 
is  decreased. 


Table  18.  Critical  Pressure  Corresponding  to  the  Onset  of 
Twins  During  Pulsed  Deformation  for  Alloys  With 
Different  Packing  Defect  Energy 


MCTtM  M«H  cn«ll 

(1) 

tfittJf 

(2) 

^  *fKt 
nMMmaa 

•  (3 

aatTHnrpMHii 

MTMaaii 

(4) 

Ni 

~I80 

350 

11731 

Fe+29%  Nl 

—100 

220 

(lOIl 

Cu 

Cu+  I.IX  ;»! 
CU+3.2S  A! 
CU+8.I9X  Al 

70 

50 

35 

2.5 

16-28 

12-25 

6-12 

<6 

1156) 

1.  Metal  or  alloy 

2 

2,  y,  erg/cm 


3,  P__  for  onset  of  twins,  kbar 

cr  • 

4.  Literature  source 
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In  accordance  with  the  twinnlnf;  model  of  Venables  [133, 
134]  the  critical  cleavage  stress  of  displacement  during  twin¬ 
ning  depends  on  the  energy  of  the  packing  defects  if,  the 
Burgers  vector  of  the  partial  dislocation  S2,t  coefficient 

of  the  stress  concentration  n  and  on  the  radius  of  the  half¬ 
loop  of  the  packing  defect  a^: 


"^cr 

But  the  value  of  2Aq  may  be  equated  to  the  length  of 

the  dislocation  line  ^ ,  the  motion  of  which  under  the  effect 
of  the  applied  stress  is  determined  by  the  familiar  relation¬ 
ship  V  «  dS/i*  Substituting  this  value  into  formula  (60),  we 
have 


A.  tw  _  ^ 

cr  "  bi(nb—ii)  ‘ 


(61) 


The  presence  of  the  concentration  factor  explains  why, 
in  the  individual  regions  of  the  crystal,  twinning  is  ob¬ 
served  and  in  others  with  the  same  density  of  dislocations 
there  are  no  twins*  For  quasi-static  deformation  Venables 
assumes  n  ^3  wherein  n  may  vary  as  a  function  of  During 
pulsed  deformation  ClS6],  even  assuming  n  s  i,  the  computa¬ 
tional  data  are  found  to  be  slightly  lower  than  the  experi¬ 
mental  data  (see  Figure  76).  In  other  words,  under  conditions 
of  pulsed  loading,  the  role  of  the  stress  concentrators  is 
significantly  reduced. 

As  follows  from  the  dislocation  twinning  model,  the 
formation  of  twins  in  an  fee  lattice  is  directly  related  to 
the  activation  of  transverse  gliding.  Table  19  shows  data 
[137]  on  twlnnlng^ln  metals  with  an  fee  lattice  as  a  function 
of  the  quantity  gS^/A  (where  A  is  the  energy  of  activation  of 
transverse  gliding). 

It  is  still  difficult  to  establish  from  which  of  the 
values  the  better  correlation  is  established  for  the  criti¬ 
cal  twinning  stress)  with  the  energy  of  the  packing  defects 
or  with  the  energy  of  activation  of  the  transverse  gliding. 

But  we  do  know  that  these  values  are  interrelated. 

For  single  crystals  the  pressure  necessary  for  twin¬ 
ning  depends  to  a  significant  degree  on  the  crystallographic 
direction.  According  to  the  data  of  DeAngelies  and  Cohen 


140- 


Figure  76.  Dependence  of  the  critical  impact  opessure,  nee- 
essary  for  the  appearance  of  twins,  on  the  energy  of  packing 
defects;  the  vertical  segments  are  plotted  from  the  experi¬ 
mental  data  [156];  the  points  on  the  line  are  commuted  from 
formula  (61). 

2 

1.  Pgjj,,  kbar  2.  y,  erg/cm 


•  3 

Table  19.  Dependence  of  Twinning  on  the  Value  of  Gb  /A 


MtMM  MN  eitiUB 

> 

06*M 

(2) 

Al 

Ni 

Pb 

32 

12 

9.4 

He  oOpuyxnra 
(3) 

Ni  +  40S  Co 

8.7 

OOpuynToi  npe  hhs> 
Koft  TeMnepirype  ^  ^ 

Cu+  IH  Ge 

7.5 

Jlemo  oOpasynr  cu 

Cu 

5.3-7.6 

5.3 

(5) 

NI+6X  Cu 

4.6 

Au 

4.1 

Ctt+33?(  Ge 

4.0 

1.  Metal  or  alloy 

2.  Formation  of  twins 

3.  None  formed 


4,  Formed  at  low  temperature 

5.  Easily  formed 


[174],  if  the  deformation  takes  place  in  the  direction  [100], 
the  twins  appear  at  145  kbar;  if  this  direction  of  deformation 
is  [111],  then  they  appear  at  200  kbar. 

Verbraak  [101]  deformed  copper  under  a  pressure  of 
220  kbar,  applying  a  load  in  different  crystallographic  di¬ 
rections.  The  largest  number  of  twins,  arranged  along  the 
octahedral  faces,  was  seen  in  the  deformation  of  copper  in 
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the  direction  L113]*  there  were  fewer  twins  and  twinning  sys¬ 
tems  by  loading  along  the  LlOO]  and  no  twinning  took  place 
under  the  effect  of  the  shock  wave  in  the  direction  [110]. 
Twinning  by  deformation  along  [113]  is  explained  mainly  by 
the  fact  that  in  this  case  a  maximal  effective  stress  is 
generated  on  the  octahedral  planes. 

The  opposite  result  v/as  found  bv  ninith  [175,  l'^6], 
who  observed  abundant  twinning  during  deformation  along 
[110]  and  an  absei.'e  of  twins  under  the  effect  of  the  shock 
wave  along  [113].  The  reason  for  such  contradictory  resjilts 
becomes  clear  if  we  examine  the  conditions  of  the  experiments. 
In  Verbraak's  experiments  two  samples  arranged  one  on  the 
other  were  subjected  to  the  effect  of  a  shock  v;ave.  Under 
these  conditions  the  interference  tension  was  comnletel" 
damped  in  the  lo’-jr  sample,  and  the  upper  sample  was  sub¬ 
jected  only  to  compression.  In  Smith's  experiments  the  sample 
was  deformed  actually  under  the  effect  of  the  expansion  vrave, 
and  as  a  result  of  the  polar  mechanism  of  twinning  in  these 
tests  the  opposite  result  was  obtained. 

An  effective  method  of  studying  the  twinned  layers  is 
analysis  of  electron-diffraction  patterns. 

In  nickel,  because  of  the  high  energy  of  the  packing 
defects,  twins  are  formed  only  under  high  pressures,  and 
the  twins  are  so  fine  that  they  are  not  resolved  under  ordi¬ 
nary  optical  magnification  [177].  Holder  and  Thomas  [173], 
under  the  same  deformation  conditions  as  in  reference  [177] 
at  a  pressure  of  about  350  kbar,  detected  in  nickel  a  system 
of  very  fine  twins  (about  0,05  /urn),  which  they  were  able  to 
see  only  with  the  aio  of  electron  diffraction.  The  {ill} 
plane  was  the  twinning  plane. 

In  the  development  of  plastic  deformation  the  glide 
bands  or  twins  must  interact  with  one  another  or  with  the 
barriers  existing  in  the  grains.  Pogrebnoy  and  Zhak  [178] 
assume  that  the  twinning  is  accompanied  by  more  complex  and 
diverse  local  deformations  that  gliding.  This  assumes  es¬ 
pecially  great  significance  during,  high-velocity  deformation 
since  it  is  related  to  the  large  volume  of  twinning  and  to 
higher  peak  pressure.  The  authors  of  reference  [179]  ob¬ 
served,  in  stainless  steel  during,  loading  at  a  velocity  of 
3  4  -1 

10  -10  sec  ,  a  transition  of  the  dislocations  and  the 
glide  lines  throug.h  the  twinned  boundaries,  and  the  onset 
of  glide  bands  in  the  matrix  due  to  the  high  concentration 
of  stresses  as  a  result  of  twinning. 


Subsequent  deformation  by  twinning 
observed  by  Verbraak  [lOl]  on  an  alloy  of 


and  gliding  was 
iron  with  29%  Hi, 


-142- 


f 


I 


•! 


I 


5 

I 

t 


j 

3 

‘i 


I 

I 


:) 

•j 


This  alloy  v;ith  an  fee  lattice  was  de^'orned  by  a  shock  wave 
at  A  pressure  of  220  kbnr  in  the  direction  [113!!.  An  is  clear 
fron  the  nicronhotorranh  (I  irnre  77)  the  tvrins  travelinr  alonr 
t.'ie  octahedral  Planes,  are  intersected  by  the  rlidc  lines, 
travelinf  fron  the  tv?in  to  the  natrix.  Such  a  picture  was 
observed  by  us  in  naroesiun  (sec  Tirure  60),  In  all  proba¬ 
bility, the  jtlidinr  was  forned .  after  tvrinninr*  At  the  initial 
r.oront  of  loadinj’  the  r.rain  vias  not  <^avorably  oriented  for 
rlidiny;  However  as  a  result  of  ti/inninr  the  octahedral  plane 
AH  is  set  UP  such  that  plidinf  is  found  to  be  possible  alonr 
Clio],  and  the  externally  applied  stress  was  partially  re¬ 
laxed,  but  renained  at  a  level  sufficient  for  plidinp,  Glid- 
inf!  reaches  the  twin-natrix  boundary  and  continues  in  the  na¬ 
trix  alonr  the  line  BC, 


riruro  77,  fornation  of  plide  bands  in  t\Jins  of  the  alloy  Fe 
+  29%  Hi  [101],  As  a  result  of  twinning  a  nore  favorable  ori¬ 
entation  for  f.lidinr  alonp  t^ll3  <!ll0^  was  forned,  Y,  125, 

The  reverse  picture  was  observed  on  silicon  iron  ClQO] 
--  plidinr,  preceded  twinninp.  Theoretically  such  a  sequence 
is  possible  at  the  proper  tennerature  and  deformation  velocity 

»h,n  -»*"  > 

cr  cr 

It  is  intereotinp  to  note  that  the  sipn  of  the  applied 
stress  (contraction  or  expansion)  nay  abruptly  chanpe  the 
character  of  the  processes  takinp  place  in  deformation.  In 
the  described  works  of  Vorbraak  the  samples  were  subjected  to 
compression.  By  expansion  in  the  same  Fe-lJi  alloy  instead  of 
twinninp,  and  consequently  rlidinff  a  martensite  transforma¬ 
tion  was  observed. 


Twinning  in  Metals  V/lth  a  bcc  Lattice 

In  metals  v;ith  an  fee  lattice,  thouph  tvrinninp  becomes 
possible  only  under  sharply  limited  conditions  and  is  very 
sensitive  to  the  energy  of  the  packing  defects,  in  metals 
with  a  bcc  lattice  this  method  of  relaxation  of  stresses  is 
encountered  rather  often  and  in  a  number  of  instances  deter¬ 
mines  the  properties  found.  Just  as  in  the  deformation  of 
metals  with  hexagonal  densely-packed  and  fee  lattices,  in¬ 
creasing  the  deformation  velocity  facilitates  the  development 
of  twinning  in  metals  and  alloys  having  a  bcc  lattice, 

Tardlf  et  al  [181]  deformed  cylindrical  samples  of 
iron  at  a  pressure  up  to  400  kbar.  At  a  length  of  5  mm  from 
the  site  of  contact  with  the  cast  nlste  a  maximal  hardness 
was  produced.  Only  the  surface  layer  itself  had  a  slightly 
reduced  hardness. 

This  may  be  due  to  the  fact  that  in  the  contact  layer 
as  a  result  of  friction  a  rather  high  temperature  is  developed 
(according  to  Schekhtman's  2  data,  during  impact  loading  of 
copper  and  molybdenum  up  to  200  kbar  in  the  surface  layer 
with  a  thickness  of  about  0,5  mm  the  temperature  of  recrys¬ 
tallization  is  reached). 


Figure  78,  Hardness  of  iron  (1)  and  number  of  tvrins  (2)  at 
various  distances  from  the  contact  surface  [181]. 

1.  Distance  from  contact  surface  2,  Humber  of  twins 
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The  hardness,  naxinal  near  the  contact  surface,  drops 
in  proportion  to  the  distance  fron  this  surface  (Fipure  78), 
and  the  number  of  tv;ins  in  the  rrains  is  reduced.  Obviously 
in  this  case  the  level  of  hardness  is  generally  determined 
by  the  twinning  process. 


rir.ure  79,  Tvinninp,  in  sinrle  crystals  of  r.olylidenun  under 
impact  loadinp  at  a  pressure  of  200  kbar;  a,  in  the  direc¬ 
tion  [110];  twinninp  tak*-'  place  over  two  nvstemn;  ]>.  in 
the  direction  [112];  twins  are  seen  that  are  arranrcd  alcno 
four  systems;  A,  B,  C,  and  1)  arc  different  tvrinninn  systems. 
X  200. 


To  realize  twinninp  in  crystals  with  a  bee  lattice  vre 
must  have  a  sip.nificant  pile-up  of  dislocations  in  the  Plane 
{112}.  One  of  the  esscnticl  results  of  the  effect  of  the 
shock  wave  consists  of  the  creation  of  a  hiph  dislocation 
density  alonp  the  twinninr  Plane, 

Verbraak  [101]  deformed  sinple  crystals  of  molybdenur 
at  pressures  of  20-30  kbar.  The  intensity  of  the  twinninr 


under  these  conditions  to  a  sipnif leant  deforce  depended  on 
the  direction  of  the  effective  stress,  althouph  not  a  sinple 
orientation  was  detected  at  which  twinnlnp  would  commonly  be 
absent . 

During  deformattion  in  the  direction  [110]  in  the  two 
twinninp!  systems  £ll23  ^111^,  the  coefficients  of  orientation 
were  equal  to  0.47  and  in  accordance  with  this  the  ttrinninj' 
took  place  alonp  two  systems  (Tipure  79  a).  By  applying  an 
impact  stress  alonp,  the  [112]  it  is  possible  to  have  an  ef¬ 
fect  from  seven  systems,  of  which  two  have  an  orientation 
factor  of  0.41,  three  have  0.32,  and  two  have  0.16  (Fipure 
72  b).  We  know  that  the  probability  of  twinninp  is  decreased 
as  the  temperature  is  elevated.  This  is  due  not  so  much  to 
the  chanpe  in  the  kinetics  of  the  twinninp  itself,  as  to  the 

sham  decrease  in  f The  sane  dependence  is  also  retained 

cr 

at  hip.h  deformation  velocities.  Twinninp  in  molybdenum, 
which  is  extensive  at  room  temperature,  sharply  drops  if 
the  deformation  is  carried  out  at  300®  C,  and  ceases  com¬ 
pletely  at  500®  C.  In  this  ease  all  the  deformation  takes 
place  by  plidinp. 

In  1958  Davidenkov  [183]  vatt  the  first  to  show  on 
armco  iron  that  if  two  deformation  operations  follow  one  af¬ 
ter  the  other,  then  the  first  to  some  depree  determines  the 
mechanism  of  the  second.  Sinp.le  crystals  of  molybdenum  [101] 
prior  to  detonation  deformation  vfere  loaded  o.uasi-statically 
with  a  small  depree  of  deformation  for  identification  of  the 
plidinp.  Durinp  subsequent  detonation  deformation,  at  a 
pressure  of  20-40  kbar,  plidinp  was  also  observed  instead 
of  the  twinninp  that  is  usual  for  these  conditions. 

Zukas  and  Fcwler  [184]  subjected  samples  o^  iron  to 
impact  loadinp  after  annealinp  and  after  preliminary  rollinp 
with  reduction  of  10,  20,  30,  and  50%.  A  pressure  up  to  750 
kbar  was  applied  in  the  direction  perpendicular  to  the  di¬ 
rection  of  rollinp.  Here  rcpardless  of  the  mapnitude  of  ap¬ 
plied  oressuie  the  number  of  prains  with  tv/ins  vras  decreased 
with  increase  in  the  depree  of  preliminary  deformation  (Fip- 
ure  80),  The  authors  also  observed  a  dependence  of  the  num¬ 
ber  of  prains  on  the  direction  of  the  shock  wave,  which  in 
our  view  probably  is  determined  by  the  orientation  produced 
after  rollinp. 

In  the  twinninp  of  two-phase  materials  a  number  of 
specific  problems  arise.  On  the  one  hand  the  influence  of 
the  secondary  phase  is  manifested  by  twinninp  in  the  matrix. 
This  is  especially  noticeable  in  that  case  when  the  secondary 
phase  has  a  biph  hardness.  On  the  other  hand,  the  question 
at'isca  as  to  succession  of  the  secondary  phase  cf  the  oti  ess 
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2'elaxation  mechanism  created  by  the  external  load,  and  the 
stresses  generated  at  the  boundary  of  the  two  phases  as  a 
result  of  plastic  deformation  in  the  first  phase. 


Figure  80.  Influence  of  preliminary  rolling  at  room  temper¬ 
ature  on  the  number  of  twinning  grains  of  iron  during  deto¬ 
nation  ClSUl;  pressure  of  the  detonation  wave:  1.  650  kbar; 

2.  500  kbar;  3.  300  kbar;  4.  45  kbar. 

1.  Number  of  twinning  grains,  %  2.  Degree  of  deformation 

during  rolling,  % 


Bowden  and  Kelly  Cl8S]|  in  the  pulsed  deformation  of 
steel  with  0.99%  C  at  a  pressure  of  200  kbar  observed  twins 
of  two  ty  «8,  Part  of  the  twinned  layers  in  the  alpha-phase 
led  to  a  displacement  in  the  neighboring  cenentlte  grains 
(Figure  81  a),  and  part  did  not  result  in  such  displacement 
(Figure  81  b).  Crystallographic  investigation  of  the  orien¬ 
tation  showed  that  succession  of  the  deformation  by  cementite 
is  possible  only  with  a  given  crystallographic  correspondence. 
In  order  that  the  displacement  of  the  type  shown  on  Figure  81 
a  take  place,  it  is  necessary  that  the  directions  Clll],^  and 
Clllloi  correspond  to  the  directions  and  [111]^^^^. 

Mehl  et  al  [186],  by  examining  the  displacements  in 
cementite  of  perlite  and  in  hypereutectoid  cementite,  came 
to  the  conclusion  concerning  the  structural  correspondence 
of  this  phase  found  in  various  structural  components.  Prob¬ 
ably  the  method  of  dynamic  loading  with  different  deformation 
stress  may  be  used  in  two-phase  materials  for  evaluation  of 
the  structural  correspondence.  For  this  purpose  it  is  ex¬ 
tremely  effective  to  use  electron  diffraction  identification' 
of  the  twins  by  studying  the  thin  twinned  layers. 
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Firure  81,  Twlnninr  in  steel  irith  0,99?i  C  [185];  a. 
in  the  alpha-phase  leads  te  a  shift  in  the  cerentitc; 
shift  in  the  cenentite. 
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Fifure  82.  Electron  diffraction  nattern  taken  fron  the  natrix 
and  tv;in  in  low-carbon  nartonsite,  Acceleratinr  voltage 
100  kV. 


Fiffure  82  shows  an  electron  diffraction  pattern  taken 
fron  quenched  sanples  of  lovr-enrbon  steel.  A  certain  volune 
of  the  natrix  was  incident  on  the  cross  section  o*  the  electron 
bean:  the  aloha-solution  of  iron  and  the  twinned  layer.  In 
accordance  with  this,  on  the  electron  diffraction  nattern 
(Fiftures  82  and  83)  we  can  discern  the  cell  obtained  fron 
reflections  fron  the  natrix  (solid  lines  on  Fipure  83),  and 
the  cell  produced  fron  the  twin,  VJith  respect  to  the  fact; 
that  one  of  the  twlnninp  planes  of  the  set  is  connoni 

part  of  the  reflections  belonri^  both  to  the  matrix  and  to  the 
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twin.  A  characteristic  feature  of  the  electron  diffraction 
pattern  taken  fron  the  tt.’in  is  that  the  reflections  fron  the 
twin  are  shifted  hj'  a  certain  distance  vfith  respect  to  the 
basic  ref le'-ti ona  (in  the  first  series  by  1/3  of  the  size 
of  the  natrix  cell,  in  the  second  by  2/3,  etcetera)  and  are 
arranged  synnetrically  v;ith  the  reflections  ♦'ron  the  natrix 
relative  to  the  track  of  the  tv;inninr  plane.  The  connuta- 
tions  of  the  electron  diffraction  patterns  have  bean  studied 
in  detail  in  reference  [187]. 
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ripure  83.  Diaf.ran  of  the  electron  diffraction  pattern  shown 
on  Fipure  82.  Axis  of  the  zone  Cl3l3:  o  «  reflections  fron 
the  natrix;  x  =  reflections  from' the  twin;  5  =  reflections 
obtained  fron  double  diffraction; 

1.  Track  of  the  twinninp  plane  (112) 


At  the  present  tine  the  naiority  of  netals  havinr  nore 
or  less  wide-spread  practical  use,  have  been  investirated 
under  conditions  of  hiph-velocity  defornation.  nevertheless 
it  is  still  difficult  to  create  a  classification  that  will 
define  the  proups  of  metals  characterized  by  identical  be¬ 
havior  under  conditions  of  hiph-velocity  defornation.  In 
addition  to  the  type  of  crystal  lattice,  the  behavior  of 
netals  and  their  alloys  durinp  hirh-tennerature  deformation 
is  determined  by  the  meltinp  point  and  the  point  of  recrys¬ 
tallization,  the  energy  of  the  packing  defects,  the  presence 
or  absence  of  a  phase  transition  in  the  range  of  pressures 
investigated,  and  by  other  factors.  An  attempt  to  classify 
metals  based  on  their  behavior  under  conditions  of  high- 
velocity  defornation  was  made  by  Dieter  [1881.  However,  in 
recent  years  much  nevr  material  has  been  accumulated.  In  Table 
20  the  metals  and  alloys  are  distributed  in  different  groups. 
VJe  stress  those  which  are  most  characteristic  of  their  ''struc¬ 
tural  behavior"  during  high-velocity  deformation. 


Table  20,  Behavior  of  Various  Uetals  Under  Conditions  of  Hirh-Velocity 
Dcfornat ion 
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[Continued  from  previous  pape] 

21.  re+29%  Ni  [101]  Hadfield  steel  [196] 

22.  Stainless  steel  [197] 

23.  Invar 

24.  Hiph-velocity  deformation  exerts  no  influence 

25.  Monel  [197] 

26.  Hi  --  twins  are  formed  only  vrhen  P  >  350  kbar  [173] 


CflAPTER  4 

STRENGTHENING  OF  flETALS  BY  HIGH-VELOCITY  DEFORMATION 


The  characteristics  of  the  nechanisn  of  hiph-velocity 
defornation  to  a  significant  deprec  deternino  the  formation 
of  the  structure  which  to  some  deprec  differs  from  the  struc¬ 
ture  of  the  metals  deformed  under  conditions  of  quasi-static 
loading.  These  structural  differences  determine  the  proper¬ 
ties  of  the  metal  in  the  process  of  hiph-velocity  loading 
itself  (dynamic  properties),  and  also  the  properties  of  the 
deformed  material  (deformation  strenptheninp).  Thus,  the 
data  given  in  the  present  chapter  should  be  treated  in  con¬ 
nection  with  the  processes  described  in  Chapters  2  and  3» 


1.  Basic  Concepts  of  the  Strengthening  Mechanism 


A  definite  difference  exists  in  the  physical  and  en¬ 
gineering  concepts  of  the  strength  of  metals.  The  first  is 
defined  as  the  crystal  structure  of  a  metal,  and  in  the  ab¬ 
sence  of  structural  defects  (or  %rith  a  very  small  concentra¬ 
tion  of  them)  leads  us  to  the  value  of  the  theoretical 
strength,  determined  by  the  interatomic  bonds.  With  increase 
in  the  concentration  of  defects,  capable  of  being  displaced 
along  the  crystal,  the  strength  drons.  But  if  the  operation 
of  Plastic  deformation  is  treated  as  the  displacement  of  dis¬ 
locations,  then  in  principle  we  can  represent  such  a  state 
when  the  dislocations  existing  In  the  crystal  will  be  de¬ 
prived  of  the  capacity  to  travel,  and  in  this  ease  we  can 
find  as  high  a  strength  as  wo  wish,  all  the  way  up  to  the 
theoretical. 


However,  such  a  physical  concent  of  strength  (described 
of  course  quite  schematically  for  clarity  of  comparison)  is 
inapplicable  in  the  engineering  sense,  where  by  strength  »»e 
mean  the  capacity  of  the  material  to  absorb  an  external  load 
without  significant  plastic  defornation  and  fracture.  But 
the  total  slow  dov;n  of  all  the  existing  dislocations  in  a 


conponent  found  in  a  real  ntrensod  r.lutc,  loacln  to  it.s  Lrit- 
tle  fracture  and  the  availaMc  rener^'o  ntrenrth  in  not 
uoed.  Conne  luently,  it  doc:;  not  follov;  to  altennt  to  reach 
a  state  near  the  theoretical  strength  in  the  r.T*orit;'  o<' 
real  objects. 

To  estinate  tiie  real  :*.trenrth  o^  petals  and  ano<’r-  't 
is  not  sufficient  to  Knov;  onlr  the  concentration  defects. 

In  a  nupber  of  instances  such  characteristics  as  the  distri¬ 
bution  of  dislocations,  the  anples  d isor ientat ’ on  the 
subprains,  the  structure  of  the  Jioundaries  and  the  interaction 
of  the  dislocation  with  tlie  extrinsic  atops  .  dctcrninc  tiic  real 
properties  of  the  petals  even  to  a  larger  derree  than  i.ocs  the 
density  of  dc’^ects, 

.Mcciianical  strenrt  heninp  in  the  process  of  plastic  de- 
forpation  is  the  end  result  of  the  relaxation  o^"  externally 
anplied  stress,  i,e,,  rlidinr  and  tv/inninp,  and  it  is  nani- 
fested  in  the  chanpe  in  nacroscooic  properties,  in  particular, 
strenpth , 


Fipurc  84,  Typical  stress-strain  curve  for  sinrlc  crystals 
with  an  fee  lattice:  1,  elestic  deforpation;  2,  stape  I 

Gj  3,  stare  II  ^  cs  10-2  r,;  4.  stare  III, 
cr 

In  describinr  the  process  of  strenptheninp  it  is  post 
convenient  to  use  the  v;cll-knov/n  curve  of .  deforrat ion  in  the 
coordinates  0* -8  for  sinple  crystals  v.'ith  an  fee  lattice  (Tip- 
urc  84),  This  curve  describes  three  stapes  of  defornation: 
the  stape  of  easy  plidc,  v/hen  the  strenptheninp  is  nininal, 
then  the  stape  of  linear  'strenptheninp  when  the  coefficient 
of  strenptheninp,  reaches  a  naxinun,  and  the  stape  of  para¬ 
bolic  strenptheninp.  However,  seldon  does  the  defornation 
curve  for  sinple  crystals,  let  alone  the  deformation  of 
polycrystals,  have  the  described  classical  share.  The  tenp- 
eraturt  and  speed  of  the  test,  the  orientation  and  chenical 
copposition  of  the  sinple  crystals,  the  state  of  the  surface 


of  the  sar.T'lc,  and  other  fnctorf?  ra^'  nxihstan^all”  influence 
the  Shane  of  this  curve.  l.'cvertholesn ,  the  influence  of 
various  factors  and  connarison  of  the  behavior  netals 
v.'lth  different  tyres  of  cryst.nl  lattice  can  I'e  done  conven¬ 
iently  in  the  usual  terns  of  thin  curve*. 

Stare  1.  Tv;o  nuantities  characterise  this  stare: 
the  extent  and  the  coef^'icient  of  strenr theninr  dtf’/d£.  llu- 
rrerous  structural  inves  Cirations  have  shovrn  that  this  staec 
of  defornation  is  acconpanied  bv  the  dcvelorr.cnt  "lidinr 
over  the  prinary  system  v;ith  enerrence  onto  the  free  surface 
of  the  crystal  of  fine  rarallel  rlide  ti'acks.  The  character¬ 
istic  paraneters  of  plidinr  at  stapo  I  arc  shovrn  on  Table  21. 


Table  21.  Glide  naraneters  for  Stare  T  of  the  Defornation  of 
Metals  and  Alloys  With  an  fee  Lattice  [60] 


MeTa;i;i  MJiN  cnaa* 

(1) 

TeMneparypt 
Aa^puacNM,  *C 

(2) 

PaecToaHHa  MajKcy 
XeftCTaynutHMH 

nAOCKOCTaMN 

CKoabiKeHiia,  hm  (A) 

-i  •  •  ■  1  U— 1 

)  p  »0era 

ANCAOKAI  N  t,  MKM 

(4) 

Ni 

-183 

(3) 

80(800) 

too 

Nl  +  20%  Co 

20 

50(500) 

10*« 

NI  +  40%  Co 

20 

22  (220) 

NI  +  S0%  Co 

60 

20(200) 

38(380} 

Cu 

-183 

VO 

1.  Metal  or  alloy 

2.  Ter.perature  of  defornation,  ®C  p 

3.  Distance  betvfeen  effective  elide  planes,  nr  (A) 

4.  Lenpth  of  path  of  the  dislocation,  pr 


The  amount  of  the  shift  in  the  rlide  tracks  is  approxinatcly 
3-5  nn  (30-50  ?l),  Seper  et  al  [98],  usinr  electron  micro¬ 
scopic  investipations ,  shovred  that  the  lenpth  of  the  plide 
lines  and  the  distances  betvreen  then  arc  constant  throuphout 
stape  I.  Here  the  averape  size  of  the  loops  eoninr  from 
one  source  also  remains  constant.  On  this  basis  the  conclu¬ 
sion  v»as  made  that  at  the  stape  of  easy  plide  the  forminp 
loons  can  never  be  treated  as  a  flat  plle-un  of  dislocations. 
Based  on  the  described  model,  Seper  rives  a  formula  for  de- 
termininp  the  slope  of  the  curve  of  strenptheninp  for  stape 
I:  this  slope  represents  the  strenptheninp  factor: 

dff  6  Q  /  d  \V«  /  CO  V 

n^-rirKT)  • 
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'..’Jioro  d  is  the  distance  bctvfccn  nlanes,  in  vrhich  the  sources 
act  or  the  di5;tance  lictvroen  rlide  tracks  on  the  surface  of 
the  crystal;  L  is  the  size  o^"  the  nath  of  the  dislocation 
loons;  Cl  is  t!ic  sliift  nodulus. 

Tor  Conner  the  slope  of  the  curve  is  coual  to  0.7-0,75 


k  n  f  /  nn , 


y33 


Fipure  85,  Influence  of  the  orientation  of  sinplc  crystals 
of  silver  (99.93%)  on  the  extent  of  the  stare  of  easy  ylide 
[201], 

1.  t'n/n^  <krf/nn^) 


The  stress  at  vfhich  the  stape  of  easy  plide 


>.‘-ins 


corresponds  to  the  stress  of  transition  fron  the  elastj  ,  de¬ 
formation  to  plastic.  The  conditionality  of  this  transition 
does  not  perr.it  uniquely  deternininp  the  value  of  t*  .  Usu- 

—5  —4 

ally  this  value  in  assumed  equal  to  (10  -10  >0,  It  is  often 

measured  experimentally  by  extrapolation  of  the  sepnent  of 
the  stape  of  easy  plide  on  the  ordinate  axis. 

From  the  above  it  follows  that  the  necessary  conditions 
for  the  formation  of  easy  plide  is  the  effect  of  some  sinplc 
preferential  plide  system,  i.o,,  the  assurance  of  a  relatively 
barrier-free  displacement  of  the  dislocations  alonp  the  plane. 
Hence  it  is  obvious  that  the  extent  of  the  stape  of  easy 
glide  must  have  a  clear  dependence  on  the  orientation  of • the 
single  crystal  in  the  direction  to  the  external  applied  stress. 

Numerous  experimental  data  confirm  ‘the  validity  of’ 
these  definitions.  Figure  85  gives  the  curves  for  the  defor¬ 
mation  of  single  crystals  of  silver,  oriented  differently  in 
a  standard  stereographic  triangle.  As  is  clear  fron  Tables 
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12  and  14,  in  the  orientations  of  the  crystal  [111]  and  ClOO], 
eight  glide  systems  are  found  under  identical  conditions  with 
respect  to  the  applied  load  due  to  the  equal  orientation  fac¬ 
tor.  It  is  natural  that  in  these  and  similar  cases  we  can 
never  expect  any  sizable  region  of  easy  glide;  this  is  con¬ 
firmed  by  the  path  of  curves  40  and  49  on  figure  85.  However 
in  the  limits  of  the  standard  triangle  there  are  fields  where 
the  orientation  factor  is  sharply  differentiated.  Tor  ex¬ 
ample,  for  orientations  near  [1103,  the  orientation  factor 
for  the  majority  of  glide  systems  is  equal  to  zero  or  very 
insignificantly  differs  from  zero.  In  this  case  (see  curves 
37  and  33  on  Figure  85)  the  stage  of  easy  glide  nay  be  suf¬ 
ficiently  large  --  it  has  an  extent  of  20-30%.  On  copper, 
at  93®  K,  it  was  possible  to  increase  the  easy  glide  urn  to 
40%  [2023. 


0  m  200  300  m  t,% 


Figure  86,  Displacement  stress-displacement  strain  curves 
for  cadmium  single  crystals  (99.9999%)  at  77®  K  [203], 

1.  Vt  Hn/m^  (kgf/mm^) 


In  the  majority  of  hexagonal  densely-packed  metals 
for  which  c/a  is  greater  than  or  near  the  value  of  1.633 
(and  also  in  beryllium  with  c/a  =  1,568)  the  glide  takes 
place  preferentially  along  the  basal  plane,  as  a  result  of 
which  the  stage  of  easy  glide  may  reach  500%.  But  also  for 
the  hexagonal  metals  the  extent  of  stage  I  is  determined  by 
the  orientation  of  the  crystal  (see  Figure  86),  Most  favor¬ 
able  for  the  basal  glide  is  the  deviation  of  the  basal  plane 
from  the  surface  of  the  sample  by  10-20®,  For  such  metals 
as  zinc  and  cadmium  the  deformation  diagrams  arc  basically 
similar  to  the  corresponding  diagrams  for  the  fee  metals 
and  it  may  bo  assumed  that  the  strengthening  mechanism  here 
is  also  identical.  The  only  difference  is  that  in  the  hex¬ 
agonal  densely-packed  crystals  the  strengthening  factor  in 
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siRnifioantly  snalle  ■  than  in  the  fee  crystals,  Consequentlj' 
a  larger  number  of  aislocatlon  loops  reaches  the  surface. 


Figure  87,  Influence  of  temperature  on  the  stress-strain 
curves  of  copper  [202], 

1,  Vt  Hn/m^  (kgf/nm^) 


Analysis  of  the  influence  of  deformation  temperature 
on  the  behavior  of  metals  at  the  first  stage  is  more  complex. 

The  most  convincing  data  vfere  found  in  reference  [20] 
on  copper  single  crystals  v.'ith  an  orientation  near  [llO],  i,e,, 
with  a  relatively  large  region  of  easy  glide.  From  the  re¬ 
sults  shown  on  Figure  87,  it  is  clear  that  by  lovrering  of 
temperature  from  823  to  93®  K  the  region  of  casv  glide  is 
greatly  increased,  but  the  strengthening  factor  is  not 
changed.  Analogous  results  were  found  in  other  works  [205, 
206],  They  maj'  be  explained  in  the  following  manner,  V/e 
know  that  the  critical  cleavage  stress  groves  vfith  reduction 
in  temperature.  At  the  same  tine,  although  during,  gliding 
at  the  first  stage  the  majority  of  dislocations  emerge  on 
the  surface  of  the  crystal,  part  of  then  are  nevertheless 
slowed  down  near  the  barriers,  creating  a  field  of  stresses. 

It  is  mainly  this  slowing  down  vrhich  determines  tlie  small  but 
final  value  of  the  strengthening  at  the  first  stage.  The 
stresses  generated  facilitate  reaching  the  critical  stress 
in  the  secondary  systems,  the  effect  of  which  is  necessary 
for  formation  of ‘stable  configurations  of  the  Loner-Cottrell 
type  and  for  the  formation  of  thresholds.  At  low  tempera¬ 
tures  a  higher  level  of  stresses  must  be  created  because  of 
the  temperature  dependence  of 

An  analogy  is  usually  made  between  the  effect  which 
the  reduction  in  tomnerature  exerts  on  the  deformation  and 
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the  increase  in  deformation  velocity.  In  a  number  of  cases 
such  an  analoj^y  is  justified  and  often  supported  by  the  iden¬ 
tity  of  the  structural  changes  taking  place,  However  such 
similarity  can  not  be  assumed  all  the  time  and  always  be  used. 
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Figure  88.  Influence  of  deformation  velocity  on  the  strength¬ 
ening  factor  of  zinc  [204], 

1.  djr/d8»  lln/m^  (kgf/mn^)  2,  6,  sec**^ 


Let  us  examine  the  influence  of  deformation  velocity 
on  gliding  at  stage  I,  The  strengthening  factor  at  stage  J 
depends  on  deformation  velocity.  As  follows  from  Figure  88, 
in  the  velocity  range  from  10“^  to  lO-^  sec”l,  the  strength¬ 
ening  factor  of  zinc  varies  significantly  less  than  in  the 
range  from  10*2  to  10  sec"^. 

However  the  velocity  dependence  of  the  strengthening 
factor  is  determined  not  only  by  the  velocity  range  but  also 
by  the  orientation  of  the  crystal.  In  reference  [100]  it  was 
shown  that  in  nickel  single  crystals  with  orientation  [110] 
and  [111]  in  the  direction  of  the  effective  stress  the  in¬ 
crease  in  deformation  velocity  does  not  lead  to  additional 
strengthening.  Hut  with  orientations  of  the  type  r^.l2],  when 
the  orientation  factor  has  different  values  for  the  different 
glide  systems,  the  influence  of  deformation  velocity  is  found 
to  be  opposite  to  the  effect  of  reducing  the  deformation  temp¬ 
erature,  and  namely,  for  producing  the  same  degree  of  defor¬ 
mation  by  high-velocity  loading,  a  higher  level  of  stresses  is 
required.  In  this  case  the  first  stage  in  fact  is  virtually 
absent.  Thus,  increasing  the  deformation  velocity  raises 
the  strengthening  factor  but  only  in  those  single  crystals 
in  which  the  orientation  factors  are  different  for  the  dif¬ 
ferent  glide  systems. 

According  to  the  data  of  Boas  and  Schmid  [207]  and 
LUcke  et  al  [208],  increasing  the  deformation  velocity  also 
increases  the  strengthening  factor  in  hexagonal  metals. 
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The  dcforr.atj.on  diarmn  of  netalr.  \-:th  a  hcc  lattice 
is  sinilar  to  the  defornation  dinrran  fee  nctals  onl''  in 
that  case  v/iien  the  hcc  netalr.  contain  ver”  ■•■et.'  irnuril  ler. , 

If  the  iniection  inpuriticr.  are  present  :n  tlier.e  hcc  petals 
in  anounts  that  are  characteristic  o.f  lechnicallv  nure  nc“ 
talSy  then  the  diapran  becorcs  .similar'  to  the  expansion  di¬ 
agram  for  polycrystals. 

In  the  defornation  of  nolycrystall ine  sannles  the 
S'tapc  of  easy  plide  is  alnoat  alv/nys  absent.  Tor  the  Pla.s- 
tic  deformation  of  r, rains  found  in  contact  v.'ith  one  another 
without  the  fornation  of  a  band,  in  each  yrain,  several 
ylide  systems  must  act  sinultaneoiir.ly ,  in  the  reneral  case 
no  less  than  five,  accorriinr  to  the  rule  o^  Ta''lcr-i;ie.ses . 

Such  condition  naturally  contradicts  the  nechanisn  of  canv 
Rlide. 

Stane  II.  This  stape  of  plide  bepins  at  that  moment 
when  a  larpe  number  of  systems  arc  included  in  the  plidinr 
and  are  oriented  differently  v/ith  respect  to  the  applied 
stress.  The  interaction  of  dislocations,  belonrinr  to  dif¬ 
ferent  nlancs  producer,  the  -s’ernatioa  of  stable  confipura- 
tions  (sessile  di.slocations  of  Loner-Cottrell ,  dinoles, 
thresholds,  etcetera).  This  involves  a  decrease  in  the  lenpth 
of  the  free  path  of  the  dislocation  L,  which  at  the  second 
stap.r. ,  accordinp.  to  Seper,  is  determined  by  the  formula 


I  -A(e-e*), 

where  A  is  a  constant  equal  to  about  4.10“**  cm;  6  is  the 
amount  of  deformation  in  the  limits  of  stape  II;  £»’'  is  the 
amount  of  deformation  correspondinp.  to  the  end  of  stape  I, 

Althoup.h,  as  Klcrboro  and  Kharprivs  fSOl  shovr,  orien¬ 
tation  influences  the  second  deformation  stape  to  a  lesser 
depree  than  the  first  one;  the  strenptheninp  factor  at  the 
second  stape  prows  noticeably  only  in  that  case  if  the  orien¬ 
tation  deviates  from  [110]  toward  [111]  and  toward  [100]  or 
is  near  the  boundary  Clll]-[100]. 

Lindholm  and  Jeakley  [209]  studied  strenptheninp  of 
aluminum  sinple  crvstals  havinp  the  orientation  shovrn  on 
Fipure  89,  which  also  determined  the  number  of  effective 
plide  systems.  Table  22.  shows  only  such  plide  Planes  for 
?hich  the  valuer,  of  the  orientation  factor  comprises  no  less 
...j.  90%  of  the  maximal  value.  Fipure  90  pives  the  strain- 
zx- .^33  curves,  plotted  for  various  deformation  velocities, 
f'  '■  i'erinp  from  one  another  by  approximately  five  orders  of 
mapnitude.  Analysis  of  these  curves  shov/s  that  in  quasi- 

static  defornation  (3. 3*10  sec  )  the  influence  of  orien- 
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t'lticn  Ij;  in  fact  i  nr.  f  rn :  ,  t)i«  r.lono  o'"  the  curve 

;  r;  ariTOxinatolv  iclcnt  lc.-vl,  liut  nt  a  eleforration  vclocitv  of 
2  - 1 

aLout  4,5*10  r.cc  the  difForence  hccor.er;  euitn  fiuhn t .*in t .f a  1 , 
The  rreatest  effect  o''  velocity  ir.  neon  in  r.ineie  cryr.talr, , 
in  Che  orientation  of  v/liich  a  larre  nunber  of  rl.ide  ryotenn 
act  (A7,  A17).  ’.,'itli  or  i  ontat  ionn  r.annlor.  A4  and  A31, 

where  the  number  of  rlide  n'^ntenr:  in  low  and  tb.o  orientation 
factor  differs  no  noro.  than  0,0.1  --  the  effect  of  defornation 
velocity  war.  found  to  Ife  ninir.al,  Thun,  otjr  research  on 
nickel  [100]  and  reference  r200!l  on  nltininun  define  the  con- 
riitionr.  under  which  the  effect  of  velocit'/  na*'  civc  additional 
strenrtlicn  inr  in  tVie  defornation  of  r.inrle  crvntalR, 


Firurc  09,  Orir.inal  orientation  of  alurinun  r.inrle  crystalr. 
[209  3  . 
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Table  22,  Valuer,  of  the  Orientation  factor  for  Olide  r.vs- 
tenr,  of  thcj  Ilinrle  Crf.^taln  fibov/n  on  firure  09 


1,  Sample  3.  ©,  dep 

2,  Plane  and  direction  of  plide  4,  ,  dep 


The  experimental  data  cited  oertain  to  crystals  with 
an  fee  lattice.  A  similar  analysis  may  also  be  made  for  me¬ 
tals  with  other  crystal  lattices.  We  must  only  discern  in 
the  stcreopraphic  trianple  those  repions  in  v.*hich  the  ori¬ 
entation  factor  for  the  various  plide  systems  has  different 
numerical  values. 


Stape  The  onset  of  plide  stape  IIT  is  charac¬ 

ter  izedUy^nfTTT'act  that  the  metal  is  already  found  under 
the  influence  of  a  rather  hiph  stress  with  a  hiph  disloca¬ 
tion  density,  accumulated  in  the  course  of  the  second  stape. 
Here  a  rather  inten.se  plastic  deformation  bepins  in  the  me¬ 
tal  without  further  noticeable  increase  in  the  external  load. 
The  strenptheninp  factor  at  thi.s  stape  drops  sharnly. 
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It  is  obvious  that  the  significant  increase  in  plas¬ 
tic  deformation  must  be  due  to  some  nov  mechanism  of  disloca¬ 
tion  displacement.  One  of  the  possible  explanations  of  this 
phenomenon  is  that  under  the  influence  of  a  hiph  stress  the 
dislocations  finally  were  able  to  overcome  the  barriers  that 
prevented  their  displacement.  In  this  case  the  value  of  the 
dislocation  path  must  be  increased.  However  such  an  expla¬ 
nation  is  found  to  be  in  contradiction  to  the  experimental 
data.  Many  investigators  in  studying  the  deformation  pro¬ 
cess  showed  that  at  the  second  and  third  stares  the  lenpth 
of  the  ri^cie  lines  is  also  decreased  with  the  development 
of  plastic  deformation.  But  if  the  extent  of  the  Rlide 
lines  is  decreased,  consequently  the  path  of  the  individual 
dislocation  is  also  decreased. 

Usinp  direct  electron  microscopic  observations  on  thin 
foils,  Hirsh  [210]  and  other  researchers  shov»ed  that  with  the 
onset  of  stare  III  a  cellular  dislocation  structure  is  formed. 
Several  boundaries  of  the  cells  are  arranred  parallel  to  the 
rlide  planes,  and  others  in  the  direction  perpendicular  to 
the  rlide  plane. 

An  explanation  which  satisfies  the  experiment  v/as  piven 
by  Sef.er  [211].  Accordinp  to  Ser.er,  at  stape  III  the  disloca¬ 
tions  do  not  overcome  the  resistance  of  the  barriers,  but  a 
transverse  rlide  of  Burrems  dislocations  takes  place,  as  a 
result  of  which  first  a  cellular  structure  is  formed  and 
second  the  Burners  component,  displaced  to  the  parallel  plane, 
becomes  the  new  Franck-Rced  source,  if  the  stress  determined 
by  formula  (25)  exists  in  this  Plane. 

Thus,  at  plide  stape  III  under  the  effect  of  a  hirh 
stress  there  is  first  of  all  a  redistribution  of  the  dislo-  ' 
cations  called  "dynamic  recovery".  Tlie  stress  which  is  nec¬ 
essary  for  dynamic  recovery  depends  stronrly  on  temperature. 
Analogous  processes,  if  they  take  Place  a^ter  unloariinr,  eTc 
called  static  recovery.  Bince  transverse  rlidinr  in  a  therm¬ 
ally  activating  process,  the  amount  of  the  critical  stress 
of  transition  from  the  second  stare  to  the  third  has 

a  clearly  expressed  dependence  on  temperature  (Firure  01)  and, 
as  Sokolov  [212]  showed,  increases  with  increase  in  deforma¬ 
tion  velocity. 

Furthermore,  for  metals  vrith  an  ^cc  lattice  the  de- 
nendence  of  this  value  on  the  enerpy  o^  tlie  nackinp  cefecta 
is  determined; 
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where  *i*jjj(o)  stress  at  0®  K;  n  is  the  averare  nunber 


i.  iX  V  u  / 

of  dislocations  around  the  barrier;  'f  is  the  ererrv  of  the 
packinf'  defects. 


The  value  of  evaluated  fron  the  experi¬ 
mental  determination  of  at  a  riven  temperature  T  and  the 

value  of  the  enorp.y  of  activation  of  the  transverse  plide  U(^), 
which  is  connected  by  the  expression: 


t/(T)— >41nr-5a<lL]. 

I  ’«« <0)  J 


(65) 


Sometimes  expressions  (64)  and  (65)  are  used  for  eval¬ 
uating  the  energy  of  the  packing  defects,  however  this  method 
does  not  give  reliable  results,  Solokov,  using  this  method 
C212],  obtained  an  energy  of  the  packing,  defects  for  copper 
equal  to  about  100  erg/em2. 


m  m  its  m  ste  $Kr’K 


Figure  91,  Temperature  dependence  of  the  stress  necessary 
for  transition  from  the  second  stage  to  the  third  for  mold 
single  crystals  C213], 
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2,  Strength  Properties  of  Hetals 


There  may  be  two  approaches  to  determining  the  prop¬ 
erties  of  metals  during  change  In  deformation  velocity.  One 
of  them  character.! zes  the  behavior  of  the  metal  in  the  pro¬ 
cess  of  deformation  itself.  In  this  case  we  are  concerned 
with  the  so-called  quasi-static  or  dynamic  properties.  Ob¬ 
viously  we  can  never  draw  a  sharp  boundary,  on  one  side  of 
which  would  be  the  quasi-static  properties  and  on  the  other 
the  dvnamic  ones.  As  such  a  conditional  boundary  it  is  feas* 
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ible  to  select  a  velocity  of  4  nn/nin,  vrhich  can  be  assured 
to  be  naxlnal  for  the  quasi-static  yield  stress. 

The  second  anproach  involves  evaluatinr  the  properties 
found  in  the  material  after  the  deformation  process.  The 
rany,e  of  deformation  velocities  determininp  the  post-defor¬ 
mation  strenptheninn  in  quite  v/ide;  from  nunchinf^  on  hydrau¬ 
lic  presses,  where  the  rates  of  displacement  of  the  instru¬ 
ment  comprise  about  1  n/sec,  to  shapinr  throuph  the  trans¬ 
mitting  medium  or  without  it,  where  the  ra* 2  of  notion  of 
the  shock  wave  front  reaches  up  to  several  Hundreds  or  even 
thousands  of  n/sec. 


Figure  92,  Radiograms  taken  from  a  single  crystal  of  nickel 
in  the  initial  state  (a)  and  after  deformation  with  a  shock 
wave  pressure  of  220  kbar  (b). 


The  effect  of  shock  waves  alters  the  physical  and 
mechanical  properties  of  metals  and  consequently  their  op¬ 
erational  qualities.  Fig.urcs  92  and  93  show  radiograms  that 
indicate  substantial  structural  changes  taking  place  in  me¬ 
tals  in  the  process  of  pulsed  deformation. 

Because  of  the  intense  development  in  recent  years 
of  various  methods  of  pulsed  deformation,  it  is  very  impor¬ 
tant  to  combine  in  the  production  the  properties  of  the  tech¬ 
nological  prcuesses  and  the  strengthening  of  metals  as  a  re¬ 
sult  of  high-velocity  deformation.  In  addition,  in  individ¬ 
ual  aspects  of  contemporary  technology,  it  is  necessary  to 
foresee  the  possibility  of  the  collision  of  ^ast-movin/  ob- 
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iects  and  tlje  rcr.ultant  alteration  In  their  nronerties ,  At 
the  nresent  tine  conaiderahle  factual  naterial  has;  lieen  con- 
piled  both  on  the  dvnanic  pro-- tics  o^’  netnln  and  on  their 
properties  after  hirh-voloci“  ceforr.ation .  And  altiiourh 
this  naterial  ns  yet  has  not  been  connlctel*'  clar.si ‘‘i  cd , 
these  and  other  properties  nust  he  er.aninod  iointl”,  since 
they  appear  as  a  result  of  the  nechnnisn  deterriined  for  Plas¬ 
tic  defornation. 
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Fipure  93«  Radiorratns  taken  fron  larpe-.erained  napncsiiin 
in  the  initial  state  (a)  and  a^^ter  defornation  \»ith  a  shock 
wave  pressure  of  200  kbar  (b). 


The  authors  of  reference  r214j,  after  reneralizinp.  a 
series  of  investipations  on  the  influence  of  defornation  ve¬ 
locity  on  yield  stress,  assune  that  the  increase  in  yield 
stress  is  caused:  (a)  by  a  decrease  in  the  influence  of 
thermal  fluctuations,  which  reduce  the  vield  stress;  and  (b) 
by  an  increase  in  the  resistance  of  the  lattice  to  notion 
of  the  dislocations  which  in  turn  is  associated  v/ith  an  in¬ 
crease  in  the  rate  of  displacement  of  these  latter. 

The  influence  of  these  factors  has  been  repeatedly 
studied  experimentally,  beveial  aspects  of  this  question 
were  discussed  ijy  us  in  Chapter  2, 
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TaMe  23.  Value  of  the  Dynaric  {Jtrenrth  Factor  ^‘or  Various 
Defrcec  of  Defornation  l21ii] 
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Siokolov  assuner.  [215]  th.at  the  hirher  the  loatlinr  ve¬ 
locity,  the  lower  is  the  tine  for  occurence  of  elastic  de¬ 
formation,  and  conoequentlj'  the  hirher  is  the  stress  at 
which  the  transition  taker,  nlace  from  elastic  deformation 
to  nlastic.  Another  basis  for  the  effect  of  dynamic  strenrth- 
eninp,  in  Sokolov’s  opinion,  is  ’'that  denendinr  on  the  dura¬ 
tion  of  the  nlastic  deformation  the  renerated  strenrtheninp , 
to  one  or  another  depree,  is  removed  by  disorderinr.  As  a 
result  the  rapid  deformation  process  is  represented  by  a 
I  more  ordered  state  of  the  metal  than  the  slow  process,  i.e,, 

j;  the  stress  is  apain  rreater  as  the  deformation  rate  is 

I  hipher," 

I  The  basic  disadvantage  of  the  explanations  piven 

I  above  is  the  difficulty  in  abstractinp  them  by  treatinp  one 

[  of  the  most  important  connectinp  links,  such  as  the  mecha- 

^  nism  of  deformation.  Obviously  there  is  no  more  sensitive 

!,  property  to  the  deformation  velocity  than  is  the  deforma- 

I  tion  mechanism. 

p  The  influence  of  velocity  on  chanpe  in  the  deformation 

mechanism  described  in  previous  chapters  permits  us  to  ex- 
I  plain  a  series  of  exnerirental  data.  Sokolov  [215],  for  ex- 

I  ample,  found  a  decrease  in  the  dynamic  strenpth  factor  K  * 

I  ^dyn^g.stat  is  the  tensile  strenpth  durinp  the 

7  DU  D 
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quasi-static  test,<rjj^  is  the  same  durinp  the  dynamic  test) 

as  a  function  of  the  deprec  of  deformation  for  Conner  and 
nickel  (Table  23), 
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Jn  Chanter  2  it  i?as  shown  that  the  rrcatcr.t  increase 
in  strenrth  nronerties  tlurinr  hi j'h-veloc.ity  riefornation , 
t>roc’.uced  hy  the  effect  of  a  larre  nwn}>cr  o'^  «’l.ide  system, 
corresnonds  to  10-?0*u  of  the  defornation.  h’ith  increase  in 
the  decree  of  deformation  and  with  ruasi-static  deformation 
the  secondary  system  cone  into  effr.  '  »  and  with  increase 
in  the  dc/crce  of  deformation  their  snec,  ’ic  weirht  becomes 
even  preatert  here  the  dvnamic  strenrth  factor  must  in  fact 
be  decreased;  this  is  confirr.ed  by  Rokolov’s  data, 

liotonly  doe  the  strenrth  characteristics  denend  on  the 
deformation  velocity  ranpe  but  the  dynamic  strenrth  factor 
itself  as  well.  I3y  studyinr  the  dynamic  coefficient  of  the 
yield  stress  for  low-carbon  structural  steel  in  the  ranre 

from  £  =  10  sec  ^  to  t  =  1.6»10'’  sec  the  authors  of 
reference  [216]  showed  that  it  may  be  described  by  the  fol- 
lowinp  equation; 
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where  k  and  n  are  /:onstants  for  the  piven  material.'  In  nar¬ 
rower  limits  (from  200  to  1000  sqc'^)  this  dependence  is 
linear 
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■All  factors  v;hich  influence  the  dynamic  nronerties 
and  the  properties  found  in  the  material  after  deformation 
may  be  divided  into  tvfo  rroups, 

1.  f’leneral  factors  which  to  a  rrenter  or  lesser  de- 
rree  annear  for  all  metals.  Included  in  these  are  the'  in¬ 
crease  in  the  force  of  friction  durinp  the  motion  of  the 
dislocations,  the  increase  in  dislocation  density,  and  noint 
defects,  etcetera. 

2,  In  this  proup  belonp  those  factors  whoso  apnear- 
ance  is  determined  by  the  specific  conditions  of  de'^orma- 
tion  and  the  material  svibiectod  to  h  5  fh-velmo  if '  deformation. 
Hence  we  include  the  initiation  of  new  rllclc  r.vs tens,  the 
initiation  twinninp,  the  formation  of  rackinr  defects, 

the  onset  of  point  defects,  etcetera.  The  anpoarance  or  non- 
apmearance  of  these  factors  depends  on  the  one  rand  on  the 
conditions  c'  deformation  (velocity  ranpr. ,  dr.  fcTTi-nt  i  on  temp¬ 
erature,  and  deformation  diaprar. ,  and  on  tiic  other  hand  on 
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the  properties  of  the  naterial  (type  of  crystal  lattice, 
neltinn  point,  and  rccrystallization ,  and  energy  the  pack¬ 
ing  defects). 

Yakutovich  ct  al  [217],  in  analyzing  the  expansion  di¬ 
agrams  of  polycrystalline  cadmium  under  various  tempet'ature 
conditions,  suggested  the  classification  shovm  on  Tigure  94, 
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Figure  94,  Expansion  curves  for  polycrystalline  cadmium  at 
various  temperatures  [217], 

1,  P,  n  (kgf) 


In  the  first  belong  the  curves  obtained  at  low  test 
temperatures  (1),  For  them  vre  find  to  be  characteristic 
a  continuous  giovith  in  the  deformation  stresse-s,  .»ivh  strength 
properties  of  the  metal,  and  a  sharp  drop  in  stvs^-  after 
reaching  a  maximal  value.  The  curves  of  the  s.  c.'nd  type 
(curve  3)  were  obtained  during  high-temperature  ^ofr-mntion; 
they  are  distinguished  by  the  large  yield  regio..  after  reach¬ 
ing  a  maximal  stress  and  then  the  sharp  drop  in  the  deforma¬ 
tion  stress  due  to  the  formation  of  a  neck.  Curves  of  the 
third  type  (curve  2)  are  found  in  the  intermediate  tempera¬ 
ture  range  and  have  a  transitional  character. 

An  analogous  change  in  the  deformation  curve  with  de¬ 
crease  in  temperature  was  obtained  by  V/essel  [218]  on  zir¬ 
conium,  nickel,  and  other  metals. 

Change  in  the  path  of  the  strain-stress  curve  with  in¬ 
crease  in  the  deformation  velocitj'  has  been  studied  on  manv 
metals  and  alleys  [219-223J,  In  spite  of  the  obvious  dif¬ 
ference  in  the  diagrams  produced  Im'  the  temperature  tests, 
the  orientation  of  the  single  crystal,  the  chemical  conpo-  ■ 
sition  of  the  alloys,  the  type  of  crystal  lattice,  and  other 
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factors,  a  common  trend  for  chanpe  in  the  curves  can  be  de¬ 
termined:  vjith  increase  in  the  deformation  velocity  the 
hiph-temperature  share  converts  to  the  low-tenperature , 


FiRure  95,  Curves  for  the  deformation  of  steel  1030  after 
strengthening  by  detonatioii.  The  numbers  show  the  number 
of  plates  of  explosive  with  a  thickness  of  2,5  mn  [223], 

1,  (T*  Mn/n^  (ksf/nn^) 


Figure  96,  Stress-strain  curves  for  aluminum  [221]:  1,  ^  a 
100  sec”^;  2,  ^  =  2,4.10~^  sec“^, 

1,  CT,  Mn/m^  (kgf/mn^) 


Based  on  the  known  power  dependence  of  the  rate  of 
motion  of  the  dislocation  on  the  amount  of  stress  applied 
(23),  and  taking  into  account  the  research  of  Johnston  and 
Gilman  [44],  the  velocity  of  plastic  deformation  *  can  be 
represented  as  a  function  of  the  overall  length  of  the  mo¬ 
bile  dislocations  L  with  the  Burgers  vector  E  and  the  rate 
of  shift  v: 


i  =  OLbv,  (66)  i 

where  ^  is  an  orientation  factor  not  exceeding  0,5,  | 

I 

Cottross  [224]  determines  the  influence  of  de^'orma- 
tion  vclocitv  on  stress  bv  the  equation:  J 
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where  q  is  the  amount  of  deformation  strenptheninf,  equal  to 
dC/dfi  is  the  stress  necessary  for  shift  of  the  disloca¬ 
tion  at  a  single  velocity;  C  is  the  coefficient  of  propor¬ 
tionality;  is  a  constant  equal  to  0.7-1. 5, 


The  stresses  computed  from  this  formula  gave  good 
agreement  with  the  experimental  data  obtained  on  germanium 
[225].  Let  us  note  that  the  values  of  m  and  L^  in  fr.rmula 

(67)  actually  determine  the  shape  of  the  deformati.-n  curve. 
In  one  case  this  nay  be  a  curve  similar  to  that  shown  on 
Figures  95  and  96  for  steel  and  aluminum  with  no  well-ex- 
pressed  yield  peak,  and  in  the  other  it  may  be  similar  to 
that  obtained  by  Campbell  and  Harding  [50]  for  arnco  iron 
(Figure  97). 


In  the  majority  of  methods  involving  pulsed  deforma¬ 
tion  the  loading  diagram  corresponds  to  uniaxial  compression. 
For  construction  of  the  diagrams,  in  the  coordinates  stress  - 
strain,  for  low  loading  velocities  as  a  rule  the  uniaxial 
expansion  is  used.  However  this  does  not  prevent  combined 
analysis  of  the  obtained  properties,  with  the  exception  of 
those  processes  which  arc  determined  bv  a  polar,  directed 
mechanism,  for  example,  twinning  (see  Chapter  3). 

Tests  for  expansion  and  contraction  have  their  ovm 
disadvantages,  which  lead  to  a  deviation  from  the  ideal 
diagram  of  the  uniaxial  loading.  During  contraction  forces 
of  friction  are  generated  at  the  sites  of  contact  between 
the  sample  and  the  transverse  component  of  the  test  machine. 
During  expansion  of  the  sample  the  axis  is  bent  since  the 
glide  Plane  tends  to  decrease  in  angle  v;ith  the  direction 
of  load  application. 

Imai  and  Hashiwara  [226]  designed  a  machine  in  which 
they  v;ere  able  to  carry  out  expansion  during,  the  detonation 
of  an  explosive,  using  the  reverse  diagram.  The  expansion 
diagrams  constructed  under  these  conditions  for  steel  and 
brass  are  similar  to  those  which  were  obtained  b’'  other  au¬ 
thors  for  pulsed  contraction. 

Ti-.e  characteristic  change  in  the  stress-strain  dia¬ 
gram  ''or  medium-carbon  steel  with  increase  in  de'^ornatlon 
velocity  Is  r.liovm  on  Firure  95,  The  deformation  velccit” 
and  correspondingly  the  amount  of  maxir.al  presaxiro  of  the 
shock  •..•ave  varied  as  a  ''unction  of  the  numlier  o''  pJates  of 


I 

1 


f 

‘i 


I 


7 

I 

i 


\ 

1 


I 


i 

i 


170 


aai 


z  ^■»c»^''.«^Tr;:j7*?*»; 


i>ilBaiKWr»*»M)iV;«>e|iKCP»>>%i<lt^gM?Oi<Mli»  iJMWWftnW 


rnmumim^fKB 


explosive,  v.'hich  vrere  nnnlicd  diroctlv  on  tlic  Sfirtnlc.  V/ifh 
increar.r  in  defornation  velocity  the  yield  stress  and  the 
tensile  strenr.th  v;cre  increased  and  the  plasticity  (ironned 
slifhtly. 


Fipure  97,  Stress-strain  curve  for  arnco  iron  at  a  relative 
velocity  of  10“3  and  2.6.103  scc"^  [50]:  1,  dynanic  de^orna* 
tion;  2.  quasi-static  defornation. 


1,  tf*,  Kn/n^  (kfif/nn^) 


This  dianran  differs  fron  the  low-ter.nerature  one  in 
that  the  difference  betvjcen  the  yield  stress  and  the  tensile 
strength  is  lens  than  in  the  deformation  of  cadmium  at  lov?- 
ered  temperatures.  For  aluminum  [221]  in  the  limits  of  the 
deformation  velocity  from  2,4»10'’^  to  10^  ncc“^  (see  Fipure 
96)  the  diapran  has  an  intermediate  character,  Baron  [227] 
showed  that  in  the  velocity  ranpo  fron  lO-S  to  102  sec-1  in 
all  carbon  steels  with  increase  in  deformation  velocity 
the  unoer  and  lower  yield  stress  annears.  The  dia.rran  of 
technically  pure  copper  varies  approximately  the  sane  as  for 
aluminum  (see  Figure  96)  and  for  brass  and  an  allov  such  as 
duralumin  the  expansion  diagram  varies  very  insirnif icantlv. 


Even  within  one  type  of  crystal  lattice  the  strength¬ 
ening  as  a, result  of  the  effect  of  the  shock  wave  nay  be 
substantially  different ,  especially  if  the  effect  of  the 
shock  waves  involves  a  phase  transition  in  the  given  pres¬ 
sure  range.  As  is  obvious  fron  Figure  98,  the  strengthening 
of  niobium  is  significantly  less  than  the  strengthening  of 
iron.  The  strength  properties  of  iron  are  sharply  increased 
at  a  pressure  on  the  order  of  130  kbar,  i.e,,  at  such  a  pres* 
sure  which  produces  a  pols'morphic  transformation. 
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Firure  98,  Dependence  of  hardncpo  on  naxinal  nrcr.r.ure  of  a 
ahock  vfave  for  iron  and  niobiun  [1773. 

1.  P,  kbar 


The  effect  of  sharp  chanre  in  hardness  durinp  nhnse 
transitions  is  also  known  with  resnect  to  the  temperature 
changes,  Bowden  and  Kelly  [24  3  found  a  -^unn  in  hardness  at 
the  tenperaturea  of  the  phase  transitions  in  nanrancse  and 
in  other  metals. 

The  nap.nitude  of  the  critical  pressure  of  the  nhase 

transition  and  consequently  the  interval  in  which  the  sharp 

increase  for  iron  is  r.cen.^(for  iron,  130  kbar)  depend  on  the 

composition  and  structure  of  the  ^teel.  It  v/as  shown  in 

reference  [228]  that  in  low-carbon’''»ad  hifh-carbon  steel, 

the  distance  between  particles  of  the  ^fenentite  influences 

the  value  of  P  at  which  O',,  and  Xn  i  fxow, 
cr  u  u ,  1 

ripure  99  and  Table  24  shov?  the  increase  in  hardness 
and  strength  with  pulsed  strenptheninr.  of  various  metals  and 
allovs  at  a  pressure  up  to  500  kl>ar.  As  is  clear  from  Firuro 
99,  the  rroup  of  metals  and  alloys  \?ith  an  fee  lattice  is 
strengthened  more  stronply  than  metals  with  a  bcc  lattice. 

One  exception  in  iron  and  low-carbon  steel,  \jhere  the  hard- 
cninp  rrows  as  a  result  o*^  the  Phase  transition. 

Of  the  proup  of  invest irated  metals  \:ith  an  ^cc  lat¬ 
tice,  the  rreatest  strenpthcninp  in  reached  in  Had^ield  steel 
and  in  stainless  fiteclj  this  in  obviously  due  to  the  cnerpv 
of  the  nackinr  defects  and  to  the  additional  s trenrtheninr 
durinp,  twinninp, 

Strenrtheninp  bv  hlrh-vclocity  deformation  of  any 
metal  is  determined  not  only  by  the  amount  nrennurc  from 
the  shock  wave.  One  of  the  essential  ^actors  is  the  dc^orra- 
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tion  tornorature ,  An  far  ))dck  as  lOU?  ^.iibkin  [230]  r, honed 
thac  ihu  narnitude  of  the  d''nanJc  ntrcurth  factor  denendr. 
on  the  ranre  of  the  dc^'orruit ion  velocity  in  v.'hiol;  the 
■> Crenr thenin**  in  studied  and  on  the  do^ornation  tenperature 
Cl'able  25). 


Fipure  'J9«  Dependence  of  prowth  in  hardness  on  amount  of 
pressure  from  the  shock  v/ave  for  various  netals  and  alloys 
[229]:  1,  iron  and  loir-carbon  steel;  2,  Hadfield  steel; 

3.  austenite  stainless  steel;  4,  nonel;  5,  copner;  6,  nio¬ 
bium;  7.  nickel;  8,  Au+17%  Ap;  9,  alpha-brass;  10,  tantalum. 

1.  Increase  in  IIV,  %  2,  P,  kbar 


Baron  [231]  cites  data  on  chanpe  in  yield  stress,  ten¬ 
sile  strenpth  and  narrowinp  of  the  cross  section  vrith  increase 
lii  defornaticn  velocity  from  about  h^lO-**  to  102  sec”!  at  var¬ 
ious  test  temperatures  (Table  26),  First  of  all  vre  should 
mention  that  the  dynamic  coefficient  of  the  yield  stress  is 
f renter  than  the  dynamic  coefficient  of  the  tensile  strenpth. 
For  arnco  iron  and  austenits  stainless  steel  this  difference 
is  esnocially  hiph,  Althouph  in  re^'erence  [231]  the  deforma¬ 
tion  was  net  studied,  it  is  obvious  that,  at  velocities  of 
about.  lo2  sec"!,  the  overvrhclninp  amount  of  the  deformation 
drons  to  a  fraction  of  the  plidc. 

The  authors  of  .-cfcrence  [221],  investipatinp  an  a)loy 
of  aluminum  with  found  tnat  approximately  in  the 


Table  24,  Mechanical  Properties  of  Several  bcc  Metals  After 
Pulsed  Treatnont  Cl77] 


MtriJiii 

(1) 

OOpadoTKa 

HV 

/ 

0,.,,  Mn/«' 
KuTlMm*) 

2  ) 

0_,  h'Hlm* 

)KMe30 

(2) 

OrMciir . 

AediopMauHN.  (  7  ) 

P  ^mK6ap  ..  .  .  . 

1 

C4 

250 

"131  (13,3) 
759  (77,3) 

218  (£2,2) 

8G4  (18,3) 

CraAb 

(0,17?4  C) 
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CnKiir . 

Avi)iopMiiuHii:  (  8  ) 

P  ~  95  KCap  .  . 
P  ■•=  220  lUiap  ,  . 

85 

160 

260 

240  (25,1) 
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F  f  SI 

Or^Hf . 
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180 

300 

380 

380  (38,8) 
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520  (.12,2 
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1068  {  OS) 

TaiiTM 
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P  =  275  K6ap . 

120 
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197  (20,1) 

316  (32,3) 

260  /;«,6) 

337  (14,6) 

INodHft 

(5) 

Dr<Kiir  ....... 

AwtwpMamm,  ( 1 1 

P  =>  2.50  KCap . 

68 

115 

183  (18,7) 

330  (33,7) 

309  (.'  1.6) 

358  (.-6,6) 

1. 

Metal 

8 

2, 

Iron 

3, 

Steel  (0,17%  C) 

9 

4, 

Tantalum 

5. 

niobium 

10 

6, 

Treatment 

7, 

Annealinp,  defornation. 

11 

P  s  220  kbar 

12 

13 

Anncalinr*  defornation,  P 
95  kbar.  P  *  220  kbar 
Annealinr*  defornation,  P 
95  kbar,  P  «  220  kbar 
Annealinp,  c information,  P 
275  kbar 

Annealinr,  deformation,  P 
250  kbar 

^0.2 •  (kpf/mm^) 

’Ty,  Hn/m^  (krf/nm2) 


sane  ranre  of  defornation  velocities  the  yield  stress  is  in¬ 
creased  and  the  tensile  strenpth  in  nlirhtl’'  decreased,  Prcn 
analysis  of  Table  26  it  follows  that  in  the  ranpe  of  deforna- 
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tion  velocities  from  4*10  to  about  10  sec  the  reaction 
of  the  various  netals  is  different. 


Davidenkov  and  Clu  -  n  L232]  studied  the  influence  o* 
temperature  on  the  chanpc  in  yield  stress  o^'  various  netals. 
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Fe )  is 
N i )  it 
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v;ith  a  bcc  lattice 
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20®  C 

130-250,  and  for  metals  witn  an  fee  lattice  (Al,  Cu,. 
is  10-30,  r.uch  a  sharp  di'^^ercnce  in  the  in*’lucrre 
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of  defornation  temperature  is  still  caused  apparently  by  an 
influence  from  iniection  impurities  on  the  strenrth  of  the 
metals  with  a  bcc  lattice  that  was  not  checked  by  the  authors. 


Table  25. 


Influence  of  Velocity  and  Temperature  of  Deformation 
on  the  Value  of  the  Dynamic  ntrenpth  Factor  K  = 

^dyn^jT®^^^  [230] 


t,  M/CtK 
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K  at  a  temperature  of 
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;  :  rurc  100,  Dinrran  o*'  the  donondencr  o^  "'old  '^♦re'.r; 

'luict  sheet  steel  or.  vclocit"  and  ternorature  o'"  dr^’^r-et 'r-n . 


i  « 


O'-  ,,  ::n/r^  (KrT/rr^)  2.  fc, 

0  *  A 


Dynamic  Properties  of  Various  Metals  and  Alloys  Durinr 


Test  temperature 


V* 


( 2 )  Ae0opMauaP 


rifurc  ICl.  fic’jor.atic  rcr>rosentation  of  the  ex'mrr.lon  rfia- 
rrar.3  at  tv;o  different  tcr.reraturen  (T_  >  T  )  after  Cottrell 

*  X 

and  Gtokcu. 

1.  r.tresr.  2.  I-train 


I'acL'onald  et  al  l23CtJ  con.-.truct cd  a  ternar”  diarran 
for  quiet  nheet  utcel  vMiich  illiintratcr.  the  derender.ee 
yield  r-.tre.sa  on  velocitv  and  ter.nerature  of  de'-orr.at ion 
(rirure  100), 

In  reference  L23‘»]  it  vias  er.tahlir.hed  that  the  nenoi- 
tivitv  of  the  yield  stress  of  so<'t  steel  (0,14%  C)  to  defor- 
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nation  velocity  ( ^ron  2*10  to  4»10  sec  )  is  decreased 
v;ith  elevation  in  tent  tenoerature  and  increase  in  derree 
of  defornation.  It  v.-ill  he  shorn  later  tliat  the  denendenc.e 
of  the  properties  p  talr.  on  defornation  velocity  is  rie- 
ternined  by  the  initia  structure  to  a  nipnificant  derree. 

The  larre  anount  of  cxnerincntal  data  concerninr  the 
influence  of  defornation  velocity  on  the  rrorerties  of  nctaln 
and  alloys  still  does  not  remit  ur.  to  estahlish  the  factors 
that  deternine  the  production  of  these  properties  after 
hiph-velocity  defornation.  For  the  present,  nosinr  this 
question  requires  the  creation  of  certain  r.odclinr  concerts 
and  their  experincntal  proof. 

In  19  5  5  a  rarer  v/as  published  by  Cottrell  and  Stohes 
t2353  that  has  becone  a  classic,  in  t.*hlch  the  authors  inves- 
tipated  the  influence  of  tenrerature  on  the  anount  of  deforn- 
inp  stress  at  the  third  p.lidinp  stare.  The  authors  shov.-ed 
that  if  a  tensile  lest  is  nadc  at  two  tenrernturos  (Tj  ^ 

then  one  and  the  sane  anount  of  plastic  defornation  .is  reached 
with  an  equal  value  o*"  the  stress  (ri,-\jre  101), 

The  cause  of  this  tenrerature  effect,  iust  as  the  ef¬ 
fect  of  defornation  velocity,  requires  srecial  stud”.  It 
was  nentioned  that  the  anount  of  additional  stress  necessary 
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*'or  reaching  the  r.iir.e  anount  o!‘  clc ‘^ornat ion  in  di‘'‘'orent 
for  t.'jc  ilif^'crent  nctaln,  Thun,  the  ratio  Al’/AC  '‘nr  ool’'- 
crvntalline  alunlnun  in  0,4-0. ♦'or  conoor  0,f.-0.7,  ?.’irh 
chanre  in  the  tent  tennerature  frnn  232  to  70®  i;  (23f.), 

The  difference  in  nlrcnn  (fiC)  is  due  to  tuo  rroupn 
of  factors. 

Included  in  the  first  croun  are  the  ♦'actors  t)int  are 
associated  with  the  charnctcrinti cr.  shnoinf  the  structure 
of  a  metal  in  the  deformation  nroccnc.  Thin  includes  the 
dennit'.'  and  distribution  of  dislocations,  the  concentrat ion 
of  point  defects,  and  other  clcrents  of  tise  substructure. 

The  npcci'^ic.  treirht  of  the  individual  clerentr.  o'"  the  nub- 
structure  in  turn  depends  on  the  material  and  the  deforma¬ 
tion  conditions.  Those  structural  chanres  u'hich  took 
Place  durinr  plastic  deforr.ation  arc  irreversible  i'-  the 
applied  stress  in  removed. 

Included  in  the  second  rroun  are  the  tor.pcrature 
chanres  in  the  properties  of  the  crvntal  itself,  and  ob¬ 
viously  of  course  the  chanre  in  the  anount  of  critical  clcav- 

are  stress  t'  .  i/ith  a  reverse  chanr.c  in  temperature  2* 

cr  cr 

will  have  prime  significance.  Those  factors  v/hicb  mahe  a 

contribution  to  the  temperature  effect  are  called  reversible. 

If  we  ber. in  the  tension  at  a  hirher  temperature  T2  and, 

by  reducinr  the  deformation  to  a  certain  value  B,  abruptly 
chanfc  the  temperature  to  7^^,  then  the  curve  will  have  the 

form  OBD  (see  I'ipure  101),  It  is  necessarv  onlv  to  assure 
that  the  chanpc  in  temperature  will  not  produce  anv  ami  nr 
of  the  dllovs,  Phase  rocryr.tallizat ion ,  or  othe.'  similar  phe¬ 
nomena. 


The  increase  in  stress  Bl)  thus  obtained  v/ill  be  de¬ 
termined  by  the  properties  of  the  cr^'otal  at  various  temp¬ 
eratures.  Accordinr  to  the  data  of  Born  et  al  [236],  the 
ratio  AB/BL'  vrith  chanpe  in  temperature  from  292®  to  72®  K 
is  equal  to  0,7-0, 8  for  aluminum  and  O.fl-O'. 9  for  Conner. 

We  must  mention  that  this  nuantitntivo  evaluation  has  an 
esneciallv  sinpular  character, 

Cottrell  and  ''wokes  [235]  made  a  tent  uninr  n  slirhtlv 
different  diarran.  In  a  v?ide  ranpe  of  deprccs  o®  deforr.ation 
thev  determined  the  ratio  of  chanres  in  flow  .stress  bv  tran¬ 
sition  from  293  to  90*  K  and  from  90  to  293®  K,  Bv  varyinr 
the  test  temperature  alonp  with  the  stress  and  load,  the*' 
were  able  to  divide  the  effect  from,  the  influence  of  temper¬ 
ature  into  chanpe  in  yield  stress  and  into  chanre  in  the 
structure  of  aluminum  for  which  the  experiment  v/an  conducted. 
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rifure  102,  Dependence  o/  tJie  ratio  of  de^orninr  r.trcr.sey  on 
derrec  of  defori'.ation  ».*ith  chanro  in  deformation  tennernture: 
i.  fror.  293  to  90°  K;  2.  fror;  90  to  2‘13'>  K. 
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rirure  103,  Tenperature  donendonce  of  the  resistance  to 
nlastic  defornation  of  several  netals  vrith  an  fee  lattiee. 
The  data  obtained  on  sinrle  erystals  and  polycrystals  of 
aluninutn  lie  on  a  nin^le  curve.  Only  sinrlc  crystals  were 
investigated  for  silver  and  copner  [238], 


The  results  are  shov/n  on  I'irure  102,  Connon  to  both  curves 

is  a  weak  dependence  of  the  ratio  of  cleavape  stresses  on 

defornation,  Fron  the  exncrinent  of  Cottrell-Rtokcr,  it 

follows  that  Ijy  transition  fror  lov;  tenperature  to  hiph  the 

increase  in  strenpt}:  is  hnsicall''  deternined  by  the  stable 

( irreversible )  factors  which  characterize  the  substructure 

of  the  netal,  and  the  transition  fron  hirh  tenperature  to 

low  is  due  to  the  properties  of  the  lattice,  and  particularly 

to  the  dependence  of  V  on  tenperature,  Cottrell  and  Stokes 

cr 

showed  tliat  the  ratio  AD/AH  renains  constant  for  crystals 
with  different  orientation  in  the  stcreopraphic  trianrle* 
Thus,  this  transition  fron  hiph  tcnneraturcs  to  lovf  is  found 
to  be  structurally  insensitive, 

.’•cLcan  [237]  shovrs  that  such  an  experinent  nay  be 
properly  treated  in  that  case  if  the  flov?  stress  deternined 
at  each  temperature  ir  divided  into  the  valtic  of  the  modulus 
of  elasticity  at  the  sane  tenperature,  . 

In  reference  [238]  the  tenperature  dependence  was 
studied  of  the  resistance  to  plastic  defornation  of  a  nunber 
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of  netals  with  an  fee  lattice.  Fror.  the  results  shown  on 
Fipure  103  it  follows  first  of  all  that  ftcncrally  for  all 
the  investigated  netals  the  ratio  ‘t'/O  varies  very  little 
and  for  netals  such  as  copper  and  silver,  is  practically 
constant.  Consee.uently ,  the  tenperature  dependence  of  de¬ 
formation  strenptheninp,  is  almost  conpletely  deternined  liv 
the  structure  formed. 

In  netals  with  a  bcc  lattice  on  the  other  hand  the 
flow  stress  chanpes  substantially  with  temperature  [230, 
240].  In  iron  the  amot’.nt  of  carbon  docs  not  influence  this 
dependence.  Consequently  the  flow  stress  in  bcc  netals  is 
much  more  sensitive  to  temperature  than  in  fee  netals,  and 
undoubtedly  Plays  a  naior  role  in  the  tenpteraturc  dependence 
of  deformation  strenptheninp . 

Any  process  involvinp  plastic  floxr  stress  nay  be 
treated  as  the  overconinp  of  an  enerpy  barrier.  Thermal 
activation  which  facilitates  overconinp  this  barrier  is  an 
operation  that  is  carried  out  by  an  externall''  applied 
stress,  the  amount  of  vrhich  is  determined  by  the  deformation 
velocity.  Consequently  it  in  theoretically  possible  to  stud 
the  velocity  dependence  of  dynamic  strenptheninp  '^ron  the 
positions  discussed  in  the  vfork  of  Cottrell  and  Ptokes. 
However  a  quantitative  evaluation  of  the  effect  of  increase 
in  stress  AC*,  deternined  by  Cottrell  and  Hto’  s  in  the  form 
A<r/C  =  const,  obviously  has  narrow  boundaries  ©f  application 

Haasen  [241],  for  example,  pives  the  followinp  expres 
sion  for  the  two  temperatures  and 


Of,  —  ar,=a  +  frOf,, 


where  a  and  b  are  constants. 

It  is  assumed  that  this  formula  best  describes  .he 
available  data  for  larpe  stress  values.  Basinski  anc  hris- 
tian  [239]  assume  that  with  an  abrupt  chanpe  in  test  temper¬ 
ature  the  mapnitude  of  is  penerallv  constant.  I’he  rule 
of  Cottrell  and  Stokes  is  valid  for  pure  metals  with  an  f cc 
lattice . 


At  the  same  tine,  attempts  arc  already  beinr  made  to 
evaluate  the  possible  increase  in  flow  stress  of  a  metal 
with  increase  in  deformation  "-.locity,  '^ndn  and  Mimura 
[220],  studying  the  deformation  of  iron  and  its  alloys  with 
vanadium,  found  that  by  chanpinp  the  deformation  velocitv 
by  ten  fold  the  followinp  exore.nsions  are  satisfied: 


(OR) 


Oi  —  Oj  —  A, 

Oj  —  tfj  ■“  A^, 
o,u|  — o«=»r'‘-» 

where  A  and  r  are  positive  coefficients  and  r  <  1;  tT,  ff*2 » 

and  are  the  nar.nitudes  of  the  stresses  necessary  for  nro- 

ducinr  one  and  the  sane  de^ornation,  and  v/ith  increase  in 
n  per  unit  of  deformation  velocity'  thev  differ  l>v  10  fold, 

Sunminp,  the  ratios  in  (f>0)  we  can  determine  the  di'F- 
ferenco  in  flow  stress  for  the  Iv/o  deformation  velocities 
which  differ  by  a  factor  of  10: 

Oi— o„= — i^iT  • 


Yar.ada  and  Koterazatra  [221]  nroduced  strain-stress 
diagrams  for  aluminum,  Tliey  not  only  used  different  defor¬ 
mation  velocities , but  also  varied  the  deformation  velocitv 
after  20%  expansion.  Thus,  they  constructed  curves  for  the 

transition  from  a  velocitv  of  2,4»10”  to  lo"  sec  (curve 
C-0  on  rifure  104)  and  for  the  transition  from  hirher  ve¬ 
locity  to  lov/er  (curve  i)-C),  based  on  the  data  in  r221] 
w  computed  the  values  of  and  the 

ranpe  from  25  to  50%  deformation,  which  arc  Plotted  on  Fir- 
ure  105,  Let  us  turn  our  attention  to  the  fact  that  the 
value  of  these  ratios  doer,  not  depend  on  the  depree  of  de¬ 
formation,  iust  as  in  the  experiment  of  Cottrcll-Stokcs , 
Furthermore,  as  follows  from  Fipure  105,  the  ratios 

and  S’,  /(T  practically  coincide, 

dvn  '•dyn  '^stat 

It  is  still  difficult  to  say  how  rcneral  these  re¬ 
sults  arc.  Probably  thev  liclonr  primarily  to  metals  with 
an  fee  lattice,  in  metals  v;lth  a  bcc  lattice  the  behavior 
of  the  dislocations  under  conditions  of  hirh-vcloci.tv  load- 
inp  differs  from  the  oeliavior  of  dislocations  in  crvstals 
with  an  fee  lattice.  Furthermore  we  must  take  into  account 
that  the  role  of  iniection  impurities  and  disperse  separa¬ 
tions  in  these  mfttals  is  rather  hiph.  All  this  may  sub- 
ntantially  influence  the  relationship  of  the  reversible 
and  irreversible  factors  In  the  dj’narie  strenptheninr  of 
metals  with  a  bcc  lattice.  These  conclusions  lo  some  de- 
prec  are  confirr.od  exper Incutally  liy  references  [238,  23P] 
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where  it  was  shown  that  iron  is  nore  sensitive  to  chanre  in 
deformation  velocity  than  silver,  Conner,  and  aluninun. 


Fipure  104,  Expansion  diar.rans  of  aluninun  obtained  at  a 
variable  defornation  velocity  after  20%  defornation  [221]; 
the  sequences  C-C  =  quasi-static  -^quasi-static;  D-D  = 
dynamic  dynamic;  D-C  =  dynamic  •>  ouasi-static ;  C-D  = 
quasi-static  •*  dynamic;  gStat  =  2.4»L0“3  sec"i,  = 

102  sec“i, 

1,  <S %  Mn/n^  (krf/mm^)  4,  CD 

2,  D  5,  DC 

3,  DD 


(2)  . 
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ripurc  105,  Ucnendcnce  of  the  relative  chanf'c  in  flow 
stress  on  chanpe  in  defornation  velocity  in  the  ranre 
from  25  to  50%  defornation:  connuted  from  the  data  in 
[221]:  X  =  transition  from  quasi-static  deformation  to 
dynamic;  o  =  transition  from  dynamic  deformation  to  nuasi- 
static. 


1, 


**^otat^*ravn 


2. 


tat 


The  defornation  distribution  and  corrcsnondinply  the 
distribution  of  deformation  strenrtheninr  in  connononts  in 
deternined  bv  the  loadinr  diarram,  Durinp  the  nunchinr  of 
nhcct  billets  throuph  a  transnittinr  medium.,  accordinr  to 
the  diarram  shown  on  firure  4,  the  maximal  defornation  and 
hardness  are  found  in  the  center  of  the  half-nnhcre  (see 
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F'irurc  8).  Thi::  c t.  r  i  hut  5  on 
cL';'. crved  clurinr  r,  uai'- i -r.  t  at  i  c  .? 
cncc  hoinr  ti-.at  tFio  harclner.s  a 
Lv  L>  1  i  r  n  1 1 V  r  r  c  a  t  c  r  , 


is  anaiorons  to  tfiat  v'liich  ;.f; 

ccr»  drni.'inr,  tl.a  onJ.v 

^tcr  Ji.vrli”  VC  J  ocXt  V  do  ^or  rat  ion 


Bv  the  contact  nlaconnnt  of  a  charro*  the  r;axirnl 
s  I  renrthon  inr  i  •*’>  reached  on  the  sur'^acr  (V'.rurci  ]0f, ),  '’.'or- 

son  [242]  varied  the  size  o'’  the  charre  durinr  r.  t  T'en  r  t  hen  r  nr 
hv  contact  cletonation  of  ntoolr.  v/ith  dif<*ercnt  anountr.  r>^ 
carbon  and  corresrond inrly  vixh  different  initial  har(lncr.5;. 
The  increase  in  iuirdness  durinr  contact  detonation  r,  trenrth- 
eninr,  as  uould  lie  exnectcd,  in  rreater  an  the  initial  hard¬ 
ness  is  lov;er,  and  this  value  donondr.  little  on  t!;(;  size  of 
tiio  ciiarre  (in  anv  cane  ‘‘or  lov;-carhon  ntoeln),  hut  the  zone 
of  n  t  renr  t  heninr  r  r  o  v;  n  r»  ti  h  n  t  a  n  1 1  ca  1 3  v  « 

In  a  collision  v.'ith  a  '^ant-novinr  olate  the  size  of 
the  defornation  zone  denendn  on  the  nateriaJ  .  i’-y  varvinr 
the  collision  velocity  fron  several  nelers  nor  second  to 
20  r/sec,  lidziro  and  findzi  [243]  rroduce.d  a  dc orna  t on 
zone  in  aluninur.  nr.aller  than  in  cor.nor  (Tirure  107),  Con- 
nutation  :  hovrr.  that  uitl;  a  rate  of  particle  riinniacerent 
of  1  n/sec,  tangential  ntrennen  arc  renerated  eeual  to  Oh 

.’In/n^  (O.h  kf’f/nn^)  in  aluninun,  and  204  iin/n^  (20.4  krf/nn^) 
in  copper. 

The  dependence  of  hardness  and  neehanical  properties 
of  Conner  on  the  depree  of  defornation  after  various  tvner. 
of  punchinr  is  shown  on  Firurcs  108  and  103,  I’ron  t!ie  re¬ 
sults  obtained  it  follov/r.  that  strenrthrninr  at  one  and 
the  sane  derrec  of  defornation  is  naxir.al  after  dydrodeto- 
nation  and  elect ronapnot i c  punchinr  and  nininal  after  hvdro- 
static.  V’lien  €  ■■  10%  the  n i crohardnes s  o^  Conner  a'^ter  de¬ 
fornation  under  conditions  of  h'^drostatic  loadinr  rrov/s  to 

160  iln/n^  (about  10  hr'^/nn^),  after  el  ectrohvdra ul ic:  to  240 

:'n/n^  (about  24  kpf/nn^),  and  after  detonation  and  clectro- 

r.apnctic  j’unchinr  to  320  Ilr./n  (abo\)t  32  krf/nn  ).  llius* 
a  sipnificant  additional  strengthen inp  of  Conner  is  observed 
that  is  deternined  by  t.he  defornation  velocity.  Tim  char¬ 
acteristic  of  this  additional  st renrt)\en inp  is  that  it  ir. 
naxinal  in  the  ranpe  €  *,  10-20%;  v;’'th  a  larpcr  deprcc  of 
defornation  the  difference  in  less. 

The  nicrohardnesn  of  conrsc-prain  copper  is  less,  in 
absolute  value,  but  the  additional  r.trcnptheninr  after  ntilncd 
defornation  renains  the  saro  and  we  can  nsnune  that  it  in 
indenendont  of  the  size  of  the  oripinal  prain. 


1C3 


»J  I 


•'it.  :i  ri7(  .1  ;i!iav/ot!  nn  cor"^t!r  and  armr  iron  t':.  \t 
t  rcnr tiion  i  nr  i'”  nhoci  wn’'e5:  nt  a  r  ^’enjinrc  tin  to  (  00  •  l.ar 
,('.!vc:-;  an  increar.t:  .in  Jiartlnc-s;!,  that  ‘n  rroatar  t;);an  ro2.iinr 
i;ith  a  roduction  o<^  (0  anc!  0;i!„  (7aMo  2'/), 


i'i^ure  lOf. ,  ('iirvott  of  the  ci.'inro  in  iiardncf:.-,  o*‘-  nterl  nla 
treated  :>y  contnet  detonation  [**2  1:  A  =  J.020  ntroj;  !’  = 
1030  steel;  C.  s  1000  r.tcel;  h  =  ntcel;  ]  s  Initial 

hardness.  Thickne.ts  of  the  cJ.arre,  nr.:  o  =  2,J3;  ♦  ?  4,20 
As  8.0;  Q  =  17,0, 

1*  Distance  .fron  contact  sur'^ace,  nn 


a 


rirurc  107,  Chanre  in  derrue  of  dc^'ornat^on  alonr  ti:e 
ienrth  of  the  r.annie  a'*'ter  collision  in  alurintir  (a)  and 
in  copfor  (b),  Tlie  dorreo  o'"  dc^orr.ation  In  the  contact 
zone  rrovr.  vfith  incrcanc  in  collicion  vclocit”.  The  dr- 
forr.ation  vclocitv  rro*;a  v:ith  Incrcanc  In  curve  nuri’cr. 


1.  Distance  fron  contact  nurfnee,  nr 


«1B4- 


tCR 


20  30 


"irure  1  8.  influence  o.^  the  cierroe  o^  tlo^ornat ion  and  tyne 
of  punch  Ir*r  on  the  nlcrohardncc«  corner:  — —  ■■■  =  nannies 
wit.h  17  Train;  -----  s  150  A=  l»vdrodetonation  and 
elect  rorui  .’PC  t  i  c  nunohinr;  o  =  hvdros  tat  ic ;  Q  =  electrnhy- 
draul ic . 


rirurc  109,  Chanro  in  the  nechanical  nronerties  of  Conner 
(rrain  siie  17  un)  as  a  function  of  type  and  dcrrec  of  de- 
fornation.  The  synbolr.  arc  the  sane  as  on  fipure  108, 

1,  tf*,  :;n/n^  (krf/nn^) 


Additional  strenytheninr  nav  he  due  either  to  siae 
reduction  of  the  rralns  or  to  chance  in  the  dislocation 
structure,  Ouantitative  netallorranhi c  analysis  showed 
that  the  main  size  of  Conner  is  indenendent  of  defornation 
velocity.  It  is  nossihlo  only  to  detect  an  increase  in  the 
etchahiiity  of  the  rrains  with  increase  in  the  depree  of 
defornation  which  qualitatively  indicates  an  increase  in 
the  prain  of  the  r.lcrodefcrnationr.,  J’aohkov  ct  al  [773] 
also  nentioned  that  detonation  defornation  of  arreo  iron 
does  not  load  to  praln  size  reduction. 
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Table  27 


nicrohardnecs  of  Copper  and  Arnco  Iron  After 
Various  Types  of  Treatnent 


1.  Treatnent  r>.  Defornal  >  on ,  kbar 

2.  Hardness  UV  7,  Uollinr  v»lth  de^ornation 

3.  Cooper  of  and  95 u 

4.  Arnco  iron 

5.  Anneal i nr 


ripurc  110«  Dcpendcncr  o'  hfirdncsn  of  nickel  and  nicV:el- 
base  alloys  on  derree  of  defornatlon  after  detonation  (1) 
and  hydrostatic  (2)  load ’nr. 

Our  investirations  [244]  on  the  hardness  and  nechan- 
ical  properties  of  nickel,  nlchroro,  and  lKhl8’l9T  steel 
(F’rure  110)  also  shotred  the  rain  ntrenrthen.’nr  after  de¬ 
tonation  defo-  nation.  dichror.e  di'Terr.  ’’ror  pure  nirkel 
and  lKhl8lI97  .^ccel  in  the  larre  rradient  o’'  dc‘'ornation 
strenrtheninr. .  This  rcl  icionshio  in  retained  also  durinr 
quasi-static  and  kydrodo’.onation  dc^’orrat i on . 
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The  results  of  atudyinr  the  fine  structure  ’ndicatr 
that  chanre  in  the  nhynical  line  v/idth  (420)  conT>i»r  eir. 
a  function  of  velocity  and  der.rce  of  deforratlon  (I'irure 
111)  nr.rees  well  v;ith  the  chanre  in  the  atrenrth  nronert i es . 

The  stress  necessary  for  continuation  of  the  elastic 
deforr.ation  is  proportional  to  the  concentration  of  defects, 
includinr  density  of  dislocations,  llovrevcr  evaluation  of 
the  dislocation  structure  la  rcorosented  onlv  inadeeuntelv 
bv  the  density,  since  *or  anv  dislocation  densit"  such  nilo- 
uns  arc  riosaihie  t/hich  lead  to  the  ^'ornation  of  brittle 
cracks,  and  a  hirh  ntrenrth  can  not  be  reached.  Therefore 
not  onlv  does  the  dislocation  density  have  rreat  si»*ni  ieance 
but  their  distribution  by  volune  of  the  nubrrninr.  -.nd  at  nnall- 
an<’le  boundaries  an  vjoll. 

In  references  L?4L,  246]  it  vas  shown  that  the  nhvs;- 
ical  broadening  of  the  x-ray  linen  is  due  to  the  presence 
of  defects,  the  anrular  denendcncc  of  the  broadeninr  in¬ 
volves  distribution  of  the  dislocations  by  volune,  and  the 
ratio  o'"  the  physical  width  of  the  two  lines  near  the  ratio 
of  the  tanronts  nay  indicate  a  un'forn  distribution  of  dis¬ 
locations  and  is  nost  desirable. 

The  concept  of  a  uniforn  distribution  of  dislocations 
is  often*’ not  unanbiyuous.  we  are  orcakinr  about  the  dis¬ 

location  structure,  in  which  no  space  lattice  is  fornad  for 
the  cells,  then  the  difference  in  nunber  of  dislocations  In 
arbitraril’'  selected  volunes  will  characterise  the  uni*orn- 
itv  of  the  dislocation  distribution. 

After  ti.e  fornation  of  a  cellular  structure  the  dis¬ 
location  distribution  is  differentiated;  larpc  rile-urr. 
arc  forned  at  the  boundaries  of  the  cells  and  rcrionr.  ar- 
near  that  are  nore  or  less  *rcc  o^  dislocntior**.  3n  this 
case  t'ne  concent  of  unifornity  in  dislocation  distribution 
involves  the  dinensions  of  the  cells.  The  r.naller  the  cell 
dinension,  the  snaller  is  the  stress  rradient  actinr  nor 
individual  dislocation  arranred  inside  the  coll  ’‘n  difi'er- 
ent  directions, 

Fron  the  data  of  ncasurinr  the  widtii  the  x-ray 
lines  fiven  on  Table  28,  it  follows  that  witJ»  increase  in 
the  deforr.ation  velocttv  not  only  does  tlie  dislocation  den¬ 
sity  rroi/,  but  also  their  distribution  in  nodified,  lb» 

hvdrodctonation  and  i.;arnetonulncd  defornatior*  the  ratio 

tanA^QQ  200 

increases  and  in  fact  ronchor  the  ratio  ■  ■ '  ■  , 

’*"■♦200 
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Fixture  111.  Chani'e  in  the  nhjfsieal  line  tiidth  (420)  of 
copper  as  a  function  of  tync  and  decree  of  defornation.  The 
symbols  are  the  sane  as  on  Firure  lOA. 

^420)* 


The  harmonic  analysis  which  we  made  for  the  shape  of 
the  x*rav  lines  of  niehrone  [244]  and  the  MA-8  alloy  [237] 
showed  a  different  dependence  of  the  size  of  the  nicrodefor- 
mations  on  the  size  of  the  region  of  averar.inr  for  the 
•'lUasi^static  and  dynamic  defor .lations.  The  rradiont  of 
chance  in  the  nicrodefornations  is  hipher  durinr  dynamic 
defornation  and  the  microdefornations  are  distributed  in 
a  smaller  volume  of  the  crystal.  Thus  it  in  obvious  that 
the  fields  of  nicrodefornations  from  the  nile-up  of  dislo¬ 
cations  durinr  dynamic  defornation  act  at  a  smaller  distance 
than  durinr  quasi-static.  The  authors  of  reference  [248] 
assume  that  this  must  correspond  to  the  more  uniform  dis¬ 
tribution  of  dislocations  which  they  nroved  on  nickel. 

There  are  also  data  that  pulsed  defornation  facili¬ 
tates  the  formation  of  packinp  defects.  Such  results  were 
obtained  bv  us  on  a  nar.nesiun  alley  [247],  on  the  alloy  Co- 
Ni-llb,  and  also  in  reference  [249]  on  austenite  steel.  How¬ 
ever  this  question  requires  more  careful  proof. 

The  data  of  x-ray  structural  analysis  have  been  con¬ 
firmed  by  electron  microscopic  investigations.  After  quasi- 
static  deformation  of  copper  up  to  b'  «  7%  (Fipuro  112)  the 
ma-fority  of  dislocations  lie  in  the  Plane  (111)  of  the  pri¬ 
mary  plide  svsten.  The  dislocations  are  distributed  with 
snail  nilc-uns  -  tanples,  which  are  not  visible  on  the  orif- 
inal  samples.  As  was  shown,  up  to  «  7%  of  the  quasi-static 
deformation,  the  p.lido  takes  place  alonr  a  sinrle  plane.  Here 
no  effective  barriers  are  formed  to  slow  down  the  motion  of 
the  dislocations.  When  £  >  7%  a  tendency  is  observed  for  the 
onset  of  a  cellular  structure  which  corresponds  to  the  bepin- 
ninr.  of  plitlc  in  the  secondary  systems. 
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Table  28.  Result’s  of  Measurinf.  the  Physical  Uldth  of  X-Ray 

Lines  (200)  and  (400)  of  Copper  and  Nichrone  After 
Different  Types  of  Deformation* 


cos). 


(The  Ratio  ,  Dqual  to  1.75  for  Copper 

and  1.85  for  Nichrone:  The  Ratio  is  3.47 


for  Copper  and  3.7  for  Nichrone) 


ISfMtMUM 


t.  <•«"*  I  •.  % 


rMseeme^  04-8.10-  f  J^JO 
(5)  41  840 


10-10*  10  140 
80  140 
88  8.48 


8  148 

n  Ml 


Hesp<.a. 

(3) 


(10) 


7  148 

II  840 
80  8,41 


04-8.10-.  I 


— 10»  T 

* 
It 
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1.  Material 
2  *  Copper 
3*  Nichrone 

4.  PunohinR 

5.  Hydrostatic 

6.  Eleetrohydraulio 

7.  Hydrodetonation 


8.  Eleetromafnetic 
9*  Hydrostatic 

10.  Hydrodetonatlon 

11.  4* 

jlqoo*  *'*‘*•1® 
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After  pulsed  deformation  of  copper  already  at  C  •  S-7% 
the  cellular  structure  Is  completely  formed  (Figure  113 )»  At 
the  walls  of  the  cells  the  dislocations  form  complex  and  ir¬ 
regular  configurations  and  it  is  not  possible  to  determine 
to  which  individual  glide  planes  they  belong. 


Figure  112.  Dislocation  structure  of  copper  after  hydrostatic 
deformation:  a.  C  «  7%;  b.  €  -  12%;  individual  pile-ups  are 
visible  with  no  formation  of  a  cellular  structure. 


The  difference  in  formation  of  the  cellular  structure 
by  quasi-static  and  pulsed  punching  is  determined  by  the  re¬ 
spective  deformation  mechanism.  For  the  formation  of  a  cel¬ 
lular  structure  it  is  necessary  that  there  be  an  effect  from 
more  than  one  glide  system  and  the  greater  the  effective  sys¬ 
tems  the  sooner  the  cellular  structure  is  formed.  Such  a  re¬ 
lationship  was  mentioned  in  reference  [214]. 

Another  characteristic  of  the  dislocation  structure 
of  copper  after  pulsed  deformation  is  the  decrease  in  the  av¬ 
erage  sice  of  the  cells  in  comparison  with  quasi-static  de¬ 
formation.  As  follows  from  Table  29,  with  increase  in  the 


T 
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Figure  113*  Oisloeatlon  structure  of  copper  after  hydrodeto¬ 
nation  deformation  up  to  €  *  8%*  The  cellular  structure  is 
fully  formed. 

Table  29.  Dimension  of  Cells  as  a  Function  of  Type  and  Degree 
of  Deformation 


tUnilMMM 

(1) 

PMMmtp 

mm 

iu\ 

«.  % 

CPCWM* 

tti.\ 

Mtiieii* 

MMkNMil 

1  NMII> 

(2) 

fHUppCflTVIiCMIl 

90 

10 

99 

S7 

0,80 

0,75 

l,S7 

1.43 

1.30 

).8 

0,38 

0,95 

ISO 

10 

0,W 

1,00 

0,40 

(3) 

FmiponpinMiM 

90 

10 

31 

38 

0,33 

0,97 

0,94 

ooo 

>,13 

>.o» 

0,08 

ISO 

10 

0,30 

0,00 

),I8 

1. 

2. 

3. 

4. 


Punching  5. 
Hydrostatic  6. 
Kydrodetonation  .  7. 
Sise  of  «riginal  grain,  ^m  8. 


Diameter  of  cells,  ^m 

Average 

Maximal 

Minimal 


degree  of  deformation  the  average  siae  of  the  cells  is  de¬ 
creased  both  during  quasi-static  and  during  pulsed  deforma¬ 
tion  regardless  of  the  sise  of  the  original  grain.  The  av¬ 
erage  diameter  of  the  cells  after  pulsed  deformation  is  two 


to  three  times  less  than  after  quasi-static.  This  can  be 
explained  by  the  fact  that,  as  a  result  of  the  earlier  de¬ 
velopment  of  multiple  slide,  the  barriers  which  exert  resist¬ 
ance  to  displacement  of  the  dislocations  are  found  at  smaller 
distances  from  one  another.  Such  a  dislocation  structure  pro¬ 
duces  additional  strensthening  of  the  copper. 

Unlike  copper  and  nickel,  no  cellular  structure  is  gen¬ 
erated  [250]  in  aluminum  by  impact  contraction,  which  is  ob¬ 
viously  due  to  the  low  melting  point  of  aluminum. 


b 


Figure  114.  Propagation  of  dislocation  loops  in  bcc  (a)  and 
fee  (b)  crystals  during  deformation  by  detonation  (the  ordi¬ 
nal  numbers  indicate  the  sequential  position  of  the  loops) 
[252]. 


Several  researchers  [251,  106],  based  on  the  uniform 
dislocation  structure  obtained  in  alpha-Fe  after  pulsed  de¬ 
formation,  reached  the  conclusion  that  at  high  deformation 
velocities  no  dislocation  reactions  can  take  place.  However 
the  results  described  above  and  in  references  [252,  248]  show 
that  during  the  pulsed  deformation  of  fee  metals  a  cellular 
structure  is  formed,  i.e.,  the  interaction  between  disloca¬ 
tions  also  takes  place  at  significant  deformation  velocities. 
At  the  same  time  with  the  high-velocity  deformation  of  iron 
and  molybdenum.  Burgers  dislocations  are  formed  but  there  is 
no  cellular  structure.  According  to  Hirsh,  the  walls  of  the 
cells  are  generated  by  the  interaction  between  Burgers  dis¬ 
locations  arranged  along  different  glide  systems  as  a  result 
of  their  transverse  glide  relative  to  the  primary  plane. 

But  as  shown  in  [252]  it  -is  namely  such  a  displacement 
in  the  crystals  with  a  bcc  lattice  that  is  difficult.  And 
with  high-velocity  and  low-temperature  deformation  (4,2*  K) 
of  molybdenum,  regular  Burgers  dislocations  are  formed  that 
possess  significantly  lower  mobility  in  comparison  with  the 
edge  components  of  the  loop  (the  mobility  ratio  is  IthO), 

As  a  result  of  this  the  dislocation  loop  consists  of  elonga¬ 
ted  Burgers  components,  not  suitable  for  transverse  displace- 


m«nt  and  binding  of  tha  calls.  (Pigura  114  a)*  A  larga  part 
of  tha  plastic  deformation  is  accomplished  because  of  tha 
movement  of  the  edge  dislocations  at  comparatively  large  dis» 
tances. 


In  foe  metals  the  Burgers  component  possesses  signifi¬ 
cantly  greater  mobility •  the  dislocation  loop  has  an  almost 
symmetrical  shape  (Figure  114  b),  and  the  formation  of  a 
cellular  structure  takes  place  freely. 

The  dislocation  density  ^  during  hydrodetonation  defor¬ 
mation  of  copper  is  one  and  a  half  to  two  tires  greater  than 
during  hydrostatic •  and  the  grain  sise  does  not  influence  the 
dependence  ^(ft)  (Figure  115),  which  in  logarithmic  coordinates 
is  linear.  Using  the  method  of  least  squares  we  found  the 
parameters  of  this  dependence  for  both  types  of  deformation 
and  obtained  the  following  equations! 


0  *  (for  quasi-static  deforma¬ 

tion). 


(  «  4.7 


•  (for  dydrodetonation  defor- 

Wiition). 


9  n  io  9Q  9,% 

Figure  115.  Dependence  of  dislocation  density  in  copper  on 
degree  of  deformation  during  hydrodetonation  (1)  and  hydro¬ 
static  (2)  loading;  the  solid  lines  represent  the  grain  sise 
of  about  20  |um;  the  dotted  lines  represent  those  of  150  /m, 

1.  cm’^»10"^° 
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Frotn  the  cnunt5.ons  it  follo«o  that  the  dislocation 
density  t/ith  increase  in  £  durinr  hiph-velocltv  defornation, 
rroi/n  sipnlf icantlv  rore  rapidly  than  durinr  ouasi-static. 
The  results  obtained  coincide  with  the  x-ray  data. 


C 

V 

I' 


i 


1 


rirure  116,  Dcncndcncc  of  dislocation  density  on  derree  of 
defornation  of  nolvbdcnun  [2533:  1,  ^  =  2«10‘  sec**  ; 

2.  I  ^  2.10“^  sec"^. 

1.  ()•  cr.“^«10^ 

Analor.ous  neanurorents  on  the  dislocation  density 
durinr  defornation  at  a  velocity  of  ?.10*5  jmd  2»103  scc-l 
were  carried  out  on  nolybdenun  [2533,  The  curves  *ound  in 
thin  nancr  *'or  the  chanres  in  dislocation  density  (Tirure 
116)  duplicate  our  curves  obtained  for  corner  nuite  vjell. 

In  fornula  (66)  the  total  lenrth  of  the  nobilc  dis¬ 
locations  L  nav  he  replaced  l>y  the  density  of  the  nohile  dis¬ 
locations  Qn*  and  (?ri  nav  differs  substantially  from  the  total 
dislocation  density  connrir.ir.r ,  in  individual  instances,  all 
of  0.1^. 

Let  us  turn  our  attention  to  the  fact  that  by  chanpinr 
the  defornation  velocity  by  seven  to  eirht  orders  of  napnitude, 
as  in  our  exnerir.cnts  tn'.th  corner,  and  in  the  exnerinents  of 
Gilbert  ct  al  \/ith  nolvbdenun,  the  dislocation  density  is  in¬ 
creased  altorether  bv  several  tires. 

The  authors  of  reference  [2533  tentatively  cstinated  ^ 
the  value  of  tJiC  effectiyr:  cloavarc  stress  for  the  deforrat  ion  'i* . 


^  f'-'a'i  cor.nutcd  fror  form] a  (23)  \?h:r.h  docs  not  nlloi:  for 

a  'Tccisu  ccr.putat i on  o*  t!.'s  value  hornuso  o*"  variation  in 
the  Ir.'ir.y,  r.  in  ride  rar.rcn. 
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Carrying  out  partial  dlffarantiation  of  equ^.ion  (66)  ovar 
wo  fin>^ 


(69) 


Figura  117.  Influanea  of  dafomation  volocity  on  yield  atrasa 
of  H340  ataal  aa  a  function  of  original  mieroatrueturat 
1.  fina-grain  nartanaitat  2.  eoaraa*grain  martanaita;  3.  bain- 
ita. 

1.  (kgf/mm^)  2.  fc,  aac*^ 


Figure  118.  Influanea  of  deformation  velocity  on  yield  atraaa 
of  martanaita  aged  ataal  (1)  and  type  tl-11  ataal  (2). 

1.  ^0,2*  **“/***  (kgf/mm*)  2.  aac**^ 

From  the  raaulta  of  thia  work  it  followa  that  the  baaie 
contribution  to  inoraaaa  in  deformation  velocity  ia  made  by 
the  aaoond  term,  rather  than  their  danaity.  The  autbora  aa- 
auma  that  the  data  obtained  indicate  a  more  uniform  diatribu- 
tion  of  the  dialooationa  aa  a  raault  of  which  the  aixa  of  the 
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path  of  tho  dislocations  i::  ^^eduead  during  transverse  gliding. 

In  turn  the  increase  in  velocity  of  the  dislocation  dieplace- 
montf  as  was  shown  earlier •  is  due  to  the  increase  in  resist¬ 
ance  Of  the  lattice  to  their  displacement. 

The  influence  of  deformation  velocity  on  the  propei^ties 
of  the  materials  is  found  to  be  a  selective  one.  The  rangs 
of  velocities  in  which  a  significant  change  is  observed  in  the 
strength  properties  depends  not  only  on  the  metal  itself,  but 
also  on  its  original  microstructure,  and  consequently,  the 
preliminary  treatment. 

In  reference  C2S4]  the  influence  of  deformation  veloc¬ 
ity  was  studied  in  the  range  from  10"**  to  10  sec-1  on  the 
yield  stress  ^  aa  a  function  of  the  original  structure  of 

type  .4340  steel*(0.44%  C,  0.75%  Hn,0.3%  Si,  1.65%  Hi,  0.85%  Cr, 
0.21%  Mo).  By  quenching  this  steel  from  a  temperature  of 
840°  C  in  oil,  a  fine-grain  martensite  was  produced;  by  quench¬ 
ing  from  930°  a  coarse-grain  martensite  was  produced,  and  by 
quenching  from  840°  C  in  a  salt  bath  at  t  «  315°  C,  a  bainite 
structure  was  produced.  All  three  structural  states,  as  in 
clear  from  Figure  117,  act  differently  in  the  range  of  invest¬ 
igated  velocities.  In  semi-logarithmic  coordinates  the  in¬ 
crease  in  (Tq  2  f  ine-grain  martensite  takes  place  uni¬ 

formly  over  the  entire  range  of  velocities  with  a  relatively 
small  slope  of  the  line.  For  the  coarse-grain  martensite  at 

a  velocity  of  0,5*10  sec*^  a  sharp  break  is  seen,  after  which 
the  Influence  of  deformation  velocity  is  expressed  much  more. 

For  an  initial  bairite  structure  this  break  appears  at  a  lower 
velocity. 

Martensite  aged  steel  with  18%  Ml  in  the  state  of 
quenching  from  815°  and  annealing  (480°  C)  is  strengthened 
more  strongly  than  the  others  in  the  entire  velocity  range 
(Figure  118).  In  type  tl-11  steel  (0.4%  C,  5%  Cr,  1.3%  Mo, 

0.5%  V)  the  yield  stress  is  increased  practically  at  a  defor¬ 
mation  velocity  greater  than  0,5  sec-1, 

Thus,  from  the  examples  given,  it  follows  that  the  ef¬ 
fectiveness  of  strengthening  by  high-velocity  deformation  to 
a  significant  degree  is  determined  by  the  original  microstruc- 
ture.  It  is  difficult  \.o  unambiguously  analyse  the  results 
cited.  One  of  the  possible  explanations  may  be  the  follow¬ 
ing.  In  the  fine-needle  martensite,  whore  the  distribution 
of  defects  is  most  uniform,  it  is  more  difficult  to  produce 
additional  strengthening  factors  than  in  tho  coarse-crystal- 
line  martensite  which  is  characterized  by  a  greater  hetero¬ 
geneity  in  the  defect  distribution.  In  such  a  structure  there 
are  fields  where  the  blocking  sources  are  not  strong  as  in  the 
region  of  the  martensite  crystal,  therefore  the  effect  of  defor¬ 
mation  velocity  also  appears  earlier. 
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Table  30.  Plastic  Propart lau  of  Stasis  Undar  Quasl>Static  and  Dynami 
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Figure  119.  Temperature  dependence  of  the  impact  strength  of 
steel  after  different  types  of . treatment t  1.  quenching; 

2.  impact  loading  at  95  kbar;  3.  specific  loading  at  220 
kbar. 

2  2  2 

1.  Temperature,  2.  a^^,  kJ/m  (kgfm  /cm  ) 


I 


\  am(a)\ 

I 

,5  ms) 


.... 

m»m 

i 

7^ 

• 

L_ 

ww  ww  ^  *fW  99  m 

(1)  TtnntpQmspu,K 


Figure  120*  Temperature  dependence  of  impact  strength  of 
steel  after  deformation  at  a  shock  wave  pressure  of  1-2  kbar. 

2  2 

1.  Temperature,  2.  a^^,  kJ/m  (kgfm/cm  ) 


In  martensite  aged  steel  a  quantitative  rather  rapid 
pile-up  of  dislocations  takes  place  as  a  result  of  precipi¬ 
tation  of  the  secondary  phase  as  an  effect  of  deformation 
aging.  This  effect  does  not  involve  any  effect,  from  the  new 
mechanism  in  the  examined  range  of  velocities.  Ve  know  only 
that  the  increase  in  deformation  velocity  amplifies  the  ef- 
iect  of  deformation  aging  [2743. 

3.  Plastic  Properties  of  Hetals 

It  follows  to  distinguish  the  plastic  properties  of 
metals  appearing  in  the  process  of  dynamic  loading  and  the 
characteristics  of  plasticity  found  in  a  metal  after  strength¬ 
ening  treatment. 


Th*  plasticity  of  astals  In  the  process  of  hl|?h-rolocity 
dsfomatioa  is  dstsrnlnsd  aainly.by  the  dsfornatlon  nsohanlsn 
or  by  those  processes  which  this  defornetlon  Induces.  We  know 
that  Many  hexagonal  netals  (titanium^  nagneslum,  etcetera)  are 
found  to  be  significantly  nore  plcstlc  under  high-velocity 
loading,. new  glide  and  twinning  systens  come  Into  play  which 
peralt  Increasing  the  total  degree  of  defornatlon. 


Figure  121.  Dependence  of  plasticity  of  stainless  steel  303 
on  velocity  and  tenperature  of  defornatlon. 

1*  log  expansion  2.  see*^ 


Interesting  research  was  dene  by  Bogachev  et  al  [255] 
on  a  group  of  austenite  steels  having  different  points  for 
the  onset  of  martenelte  transformation.  Ouasl-statlc  expan¬ 
sion  of  the  sanples  was  done  on  the  IH-4P  machine  at  a  con¬ 
stant  defornatlon  velocity  of  4  mm/nin,  the  dynamic  expansion 
was  done  on  a  special  device  by  means  of  detonating  1.75  g 
powder.  This  suspension  was  found  to  be  sufficient  to  frac¬ 
ture  the  samples  of  all  the  Investigated  steels.  The  veloc¬ 
ity  of  Impact  (  ^.onatlon)  expansion  on  the  devices  of  this 
type  was  10-30  m/sec. 

Before  and  after  deformation  the  amount  of  martensite 
was  determined  using  the  magnetic  method. 

The  f'lastlc  properties  during  quasi-static  and  dynamic 
tests  ar~;  ‘:,aown  on  Table  30. 

The  maximal  relative  increase  in  plasticity  during  the 
cynamic  tests  is  seen  in  steels  on  a  chrome-nickel  and  chrome- 
manganese  base,  for  which  the  increase  in  the  martensite 
phase  was  maximal.  In  the  opinion  of  the  authors,  this  ef¬ 
fect  is  determined  by  the  different  drop  in  resistance  to 
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dafornation  «t  tb«  nornant  of  tha  nartanslta  transition.  Tha 
authors  assuna  that  by  tha  dynamic- daformat ion  it  is  possibla 
to  hava  tha  phasa  transitions  /  •^0(  and  f  ,  sinoa  as  a 
rasult  of  haating  produoad  by  dynamic  application  of  tha  load, 
tha  ravarsa  transition  S  is  aocomplishad.  Howavar,  forma¬ 
tion  of  tha  £ -phasa  is  not  vary  probabla  at  such  ralativaly 
low  deformation  valocitias. 


(  2  )  Cwpicmt  klfopHuomtHtt/lm 


Figura  122.  Oapandanca  of  tamparatura  of  transition  to  tha 
brittle  state  during  tests  for  impact  strength  of  steal  with 
O.lhl  C  on  tha  deformation  velocity t  is  tha  tamparatura 

of  tha  onset  of  transition  to  tha  brittle  state}  T«  is 

^ • **maK 

tha  tamparatura  corresponding  to  tha  half-value  of  tha  manl- 
mal  Impact . strength}  is  tha  tamparatura  eorrasponding 

to  Sq  «  500  kJ/m^  (5  kgfm/cm^)*  Tha  solid  lines  pertain  to 

tha  T-ahapad  notch,  tha  dotted  lines  to  tha  U-shapad  notch. 

1.  Transition  tamparatura,  2.  Deformation  velocity,  mn/sac 

/ 

Obviously  in  these  axparimants  also  soma  kind  of  con¬ 
tribution  ^0  the  increase  in  plasticity  during  high-velocity 
deformation  is  made  by  changing  tha  mechanism  of  tha  process 
itself,  which  tha  authors  unfortunately  did  not  study.  This 
assumption  particularly  is  confirmed  by  tha  authors'  axpari- 
mant  on  30Khl0610  steal  in  which,  by  double  qtianching  and 
intarmadiata  aging,  tha  martensite  transformation  was  delayed. 
During  dynamic  expansion  this  steal  gave  a  double  increase 
in  tha  relative  expansion  and  more  than  a  triple  increase  in 
tha  narrowing  of  the  cross  section. 

Tha  brittleness  of  tha  deformed  natal  has  a  different 
dapandanca  on  tha  conditions  of  pulsed  loading.  During  contact 
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dttonation,  as  shown  in  ths  work  of  Distsr  Cl48],  ths  tsmp- 
sraturs  of  transition  of  stool  to  tho  ductilo  stoto  is  sig- 
nifioantly  incroasod.  At  a  proosuro  of  25  kbar  tho  tompora- 
turo  of  tho  brittlo  transition  frows  by  50^  C,  in  comparison 
with  tho  quonehod  ono»  and  at  a  prossuro  of  220  kbar  tho  duo* 
tilo  stato  doos  not  sot  in  boforo  170^  C  (Figuro  119). 

A  difforont  pieturo  is  found  by  dotonation  strongthon* 
ing  through  a  transmitting  modium  whan  tho  prossuro  of  tho 
wavo  is  1-2  kbar.  As  is  oloar  from  Figuro  120,  tho  tompora- 
turo  of  transition  from  brittlo  stato  to  ductilo  is  owon 
loworod.  But  with  paasago  of  a  cortain  amount  of  tins,  tho 
tomporaturo  of  tranaition  again  ia  ineroaaod  which  probably 
ia  duo  to  dofermation  aging.  In  tho  rango  of  doformation 

wolocitios  from  10*  to  10^  min*  tho  increaso  in  yiold 
otroaa  of  stool,  coppor,  and  aluminum  is  not  accompaniod  by 
any  significant  reduction  in  plasticity  [62]. 

Howovor  in  a  wide  tomporaturo  rango  tho  dopondonco  of 
plasticity  on  deformation  wolocity  is  not  monotonic.  On  Fig¬ 
ure  121  a  spatial  diagram  ia  given  for  the  dopondonco  of 
plasticity  of  stainless  stool  on  doformation  velocity  and 
tomporatura  [256].  For  this  stool  a  drop  in  plasticity  is 

soon  in  tho  region  of  doformation  velocity  of  10  soe*^,  and 
this  drop  is  more  abrupt  at  low  tenperatures. 

Interesting  results  wore  found  in  roforonco  [257], 
whore  tho  authors  studied  tho  influence  of  deformation  veloc¬ 
ity  on  impact  strength  and  dotorminod  tho  tomporaturo  of  tho 
onset  of  drop  in  impact  strength,  tho  tomporaturo  at  which 
tho  impact  strength  roach'id  half  tho  maximum,  and  tho  tompor- 

2 

aturo  at  which  the  impact  strength  was  equal  to  500  kJ/m’ 

(5  kgf>a/em  ).  The  results  shown  on  Figure  122  show  that 
tho  tomporaturo  of  the  half-value  a,,  and  tho  temperature  at 

2  2  ^ 

which  Cj.  a  500  kJ/m  (5  kgf«n/cm  )  depend  on  doformation  ve¬ 
locity.  Tho  tomporaturo  of  the  onset  of  transition  to  tho 
brittlo  stato  doos  net  change.  Hence,  wo  can  obviously  make 
tho  conclusion  that  deformation  velocity  doos  not  influence 
tho  formation  of  cracks  but  rather  influences  their  propaga¬ 
tion. 


CHAPTFl  5 

HIGH-VELOCITY  DEFORMATION  AND  PHASE  TRANSITIONS  IN  METALS 


The  use  of  quasi-static  nethods  for  producing  high 
pressures  has  pernitted  observing  phase  transitions  in  var¬ 
ious  naterials  [258]}  here  for  a  noticeable  determination  of 
the  transformation  several  hours  are  sometimes  required*  At 
the  same  time  the  phase  transitions  are  noted  during  passage 
of  shock  waves  for  a  time  measured  in  several  microseconds* 
It  is  interesting  to  note  that  using  both  the  quasi-static 
methods  of  creating  high  pressures  and  in  impact  loading • 
reversible  and  irreversible  phase  transitions  are  observed* 
Tests  on  impact  loading  of  graphite  permitted  establishing 
the  possibility  of  producing  diamonds  by  retaining  the  given 
modification  of  carbon  after  unloading  [191]*  However  the 
phase  transition  of  iron  under  the  influence  of  shock  waves 
has  a  reversible  character  and  it  is  not  possible  to  deter¬ 
mine  the  high-pressure  phase  at  atmospheric  pressure* 

The  works  of  Bancroff  et  al  [192]  were  the  first  to 
show  the  possibility  of  observing  a  phase  transition  under 
the  influence  of  shock  waves*  They  observed  a  bend  in  the 
Juygens  curve  for  iron  at  a  shock  wave  pressure  greater 
than  130  kbar.  Then  the  nhase  transitions  under  the  influ¬ 
ence  of  the  shock  wave  were  determined  on  bismuth  [194], 
antimony  [193],  and  other  naterials  [259]* 

The  generation  of  new  phases  disrupts  the  monotonic 
path  of  the  curves  for  impact  contraction.  The  presence  of 
phase  transitions  in  the  process  of  impact  loading  is  de¬ 
scribed  in  the  P-V  coordinates  bv  the  line  with  the  break 
(Figure  123). 

To  interpret  the  results  describing  similar  curves  we 
can  briefly  examine  the  structure  of  the  waves  indticeri  in 
the  material  subjected  to  impact  contraction.  If  there  is 
no  bend  on  the  Huygens  curve,  then  this  corresponds  to  t!je 
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e«s«  of  propagation  in  a  natarial  of  a  single  abook  wave  with 
a  stable  anplitude.  A  bend  on  the  Huygens  curve  corresponds 
to  the  case  when  the  shock  waves  in  a  given  pressure  range 
become  unstable  and  several  waves  are  propagated  with  dif> 
ferent  amplitudes* 


The  phase  transition  begins  at  point  1  at  a  pressure 
fsee  Figure  123).  Between  point  1  and  point  3,  which 

lies  on  the  intersection  of  the  adiabatic  curve  of  the  see* 
ondary  chase  with  the  wave  line  0*1,  a  decay  takes  place  in 
the  shock  front*  A  wave  of  critical  amplitude  P.  moves  ahead 
of  it,  and  behind  it  at  lower  velocity  the  wave  or  the  phase 
transition  is  propagated}  here  P^^  ^  Pj^*  On  the  segment 


1*1'  after  passage  of  the  secondary  wave  there  simultaneously 
exist  phases  of  low  and  high  pressure*  The  segment  of  the 
l'*4P*V  diagram  describes  the  state  of  the  high  pressure 
phase*  At  point  3  we  observe  an  insignificant  bend  assoeia* 
ted  with  the  weak  entropy  discontinuity,  generated  by  the 
disappearance  of  the  two*wave  configuration  and  by  the  re* 
eovery  of  the  single  discontinuity  surface* 


Figure  123*  Huygens  curve  for  a  material  undergoing  poly* 
morphous  transformation* 


The  reverse  recrystallisation  of  the  material  when 
the  high  pressure  is  removed  leads  to  a  break  in  the  isen* 
trope  of  broadening  and  to  the  appearance  of  expansion 
shook  waves*  From  a  certain  state  n  on  the  adiabatic  curve 
of  the  secondary  phase  a  broadening  takes  place  in  thr  un* 
loading  wave  along  the  isentrope  mn.  Then  there  ma:^  i 
either  a  sudden  reduction  in  pressure  in  the  expansior  ' 
wave  converting  the  material  from  state  n  to  state  k,  pa».  ig 
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through  tho  sognont  nrk,  or  an  Insontropio  broadonlng  is  ob* 
ssrvsd  up  to  Bsro  valuss  along  tha  eurvs  mn/.  In  tho  sseond 
eass  the  expansion  wavs  is  absent.  Intermediate  variations 
are  also  possible. 


Phase  transitions  (including  melting  and  evaporation) 
may  also  take  place  after  removing  the  pressure.  In  this 
ease  the  shape  of  the  Huygens  curve  does  net  change.  The 
phase  transitions  may  be  determined  by  measuring  the  veloc¬ 
ity  of  the  free  surface  and  by  constructing  the  adiabatic 
^  curve  P-V.  But  this  involves  considerable  experimental  dif¬ 

ficulty. 
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The  phenomenon  of  polymorphism  in  the  shock  waves  is 
determined  from  the  Huygens  curve  for  many  metalsasalts,  and 
rocks.  Below  we  give  the  materials  for  which  the  phaee  trans¬ 
ition  was  observed  and  also  show  the  amount  of  pressure  de¬ 
termining  the  transition. 

Pressure  of  the  shock  wave  of  the  phase  transition, 

kbar*t 


Antimony— ———————————  about  115 

Bismuth  at  a  temperature, 

-28— - — — - — — — - - -  31 . 3 

19— ———————————  27.2 

236--———-——————  17 , 6 

Alpha-iron  at  a  temperature^ 

room— ——————————  32 

195----.------— ——————  SO 

884————————————  19 

Nickel  and  chrome  steels——————  100-180 

36%  Hi  t  Fe  (invar)—————  60 

30%  Hi  ♦  Fe— — -  25 

Carbon  (graphite)-——————  300-400 j 

600-700 

Phosphorous 

red—————— - — - - - —  25-35 

yellow— ——————————  70-80 

Sulfur——— - — - 67-106 

Iodine—————— - — -  700 

Germanium— —————————  about  125 

Marble— - 150 

Sandstone— ———————  about  70 

Quarts! 

melted— —————————  250 

NaCl  <100>— — — - 29 

KCl  <100>— — - - - - - —  20±0.8 

KBr  <100> - — — — — — - — 18.510.8 

CdS— — - —————————  29-32 

InSb— - — — - ———————  17-20 

Barium  titanate— ———————  8 


*  Where  the  temperature  is  net  shown,  the  material  is  at  the 
temperature  of  the  surrounding  temperature. 
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Th«  fact  of  phase  transition  under  the  influence  of 
shock  waves  has  also  been  established  repeatedly  by  x>ray 
and  metallOKraphie  investigation* 

Iron  has  been  studied  most  fully.  The  first  systematic 
investigation  of  iron  fo-lowing  impact  loading  was  done  by 
Smith  C176!)  who  showed  that  the  microstructure  of  iron  sub¬ 
jected  to  the  effect  of  a  shock  wave  at  pressures  greater 
than  130  kbari  is  similar  to  martensite  obtained  by  abrupt 
quenching  fron  the  gamma-region.  The  phase  transition  is 
accompanied  by  a  sharp  increase  in  har'*ness  (see  Figure  98). 

The  structure  of  the  steel  after  pulsed  loading «  pro¬ 
ducing  the  phase  transition,  differs  significantly  from  the 
structure  after  deformation*  Figure  124  a  shows  the  micro- 
structure  of  a  deformed  single  crystal  of  iron  after  the  ef¬ 
fect  of  the  shock  wave  at  a  pressure  less  than  130  kbar,  where 
the  deformation  twins  are  clearly  visible.  With  loading  by 
shock  wave  at  P  >  130  kbar  along  with  the  twins  a  ribbon 
relief  reminescent  of  the  martensite  structure  is  formed 
(Figure  124  b). 


Figure  124.  Microstructure  of  single  crystals  of  iron  follow¬ 
ing  impact  loading  [101] i  a.  P  <  130  kbar;  b.  P  >  130  kbar; 

X  400. 


In  this  paper  the  difference  in  the  structure  of  the 
crystals  deformed  at  pressures,  smaller  and  greater  than  the 
critical,  was  established  radiographically*  Figure  125  shows 
the  pole  figure  (111)  for  two  crystals.  The  crystal,  deformed 
at  P  <  P  has  a  pole  figure  on  which  along  with  the  ref lac- 

CP 

tions  from  the  planes  of  the  primary  orientation  there  are 
reflections  from  the  deformation  twins  (Figure  125  a).  The 
crystal,  deformed  at  P  >  P^^,  has  no  twin  reflections  on  the 

pole  figure;  the  structure  consists  of  martensite  and  the 
pole  figure  corresponds  to  an  almost  ideal  Ilishiyama  orien¬ 
tation  (Figure  125  b). 
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Figure  125.  Pole  figure  (111)  of  single  erystsls  of  Pe^29% 
HI,  deforned  Cl03t  s«  st  pressures  less  then  P  }  b.  at 
pressures  greater  than  P  • 


It  f  e  Important  to  mention  that  the  composition 

and  tempera c'  uf  the  original  metal  Influences  the  amount 
of  critical  preesure  above  which  the  phase  transition  Is  ob¬ 
served*  Fowler  et  al  Cl72,  1993  studied  the  dependence  of 
critical  pressure  on  the  composition  of  steel.  It  was  found 
that  doping  Iron  with  chrome  up  to  10%  (by  mass)  changes  the 
value  of  the  critical  pressure  very  little •  however  with  a 
large  amount  of  chrome «  P^^  grows  and  reaches  130  kbar  at 

20%  Cr*  Nickel  on  the  other  band  slightly  reduces  the  value 

%r- 

The  temperature  dependence  of  the  phase  transition 
In  Iron  Induced  by  detonation,  was  Investigated  by  Johnston 
et  al  112603  In  the  temperature  range  from  78  to  1158^  K. 

The  results  which  they  found  are  shown  on  Table  31* 

From  Table  31  It  follows  that  by  Increasing  the  temp¬ 
erature,  the  amount  of  pressure  necessary  for  the  transition 
In  Iron  Is  lowered*  Along  with  tMs  the  authors  turned 
their  attention  to  the  fact  that  the  structure  of  Iron  at 
T  >  77S*  K  differs  sharply  from  the  structure  at  lower  temp¬ 
eratures*  After  Impact  loading  at  temperatures  less  than 
775*  X,  In  the  annealed  grains  of  ferrite  twin  formations 
appear  as 'observed  by  Smith* 

Above  this  temperature  the  transition  In  Iron  Is  ac¬ 
companied  by  a  sharp  reduction  In  grain  slse*  The  average 
diameter  of  the  grains  In  the  annealed  Iron  was  250  /urn  and 
1*5  pm  after  the  transition*  Such  a  reduction  In  grain  also 


206- 


r  T'  TV F-*' 


f 


^  * 


may  ba  dua  to  racrystaljlsation,  sinea  for  tha  oeeuranea  of 
racryatalllzation  at  T  <  1100<*  X,  at  laast  ona  hour  la  ra- 
quirad. 


Tabla  31.  Critical  Praasura  of  tha  Phaaa  Tranaition  in  Iron 
at  Varioua  Tamparaturaa 


r.  •K 

(DV*^ 

r.-K 

n 

ISO 

m 

'3 

296 

ISO 

m 

<3 

421 

m 

1073 

S40 

134 

iisi 

,9 

773 

111 

1.  P  ,  kbar 
cr 


(2) 


Figura  126.  Diagram  of  tha  phaaa  atata  of  iron  in  tha  coord* 
inataa  tamparatura^praaaura.  Tha  dottad  linaa  ahow  the  tha- 
oratical  computation  after  Kaufman. 


1.  Tamparatura, 


2.  P,  kbar 
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Bassd  on  thoso  data  tha  authors  assuma  that  a  critical 
point  axiats  at  T  ■  775*  K  and  P  •  115  kbar,  which  saparatas 
tha  ragion  of  axistanca  of  iron  into  tha  various  modifications. 
This  can  ba  shown  schamatically  in  tha  form  of  tha  diagram  givan 
on  Figura  126.  Tha  authors  comparad  thair  axparimantal  data 
with  tha  thaoratieal  computations  of  Kaufman  [261],  Tha 
agraamant  was  found  to  ba  good  for  tha  «(  •a /otransition.  At 
lowar  tampsraturas  whara  diserspancias  axist  batwsan  the  ax* 
parimantal  and  computational  data,  the  alpha*phase  transforms 
into  another  crystal  modification*. 

In  later  investigations  C262,  263]  it  was  shown  that 
at  prassuras  above  P  »  130  kbar  and  T  <  770*  K,  tha  alpha-Fe 
transforms  into  a  hexagonal  dansely*paekad  lattice  (6*phasa) 
rather  than  into  tha  foe  lattice.  This  same  phenomenon  was 
datactad  during  tha  static  increase  in  pressure  which  par* 
mittad  better  determining  tha  eharaetaristies  of  tha  E*phasa 
C264*266]*  Jameson  and  Lawson  C265]  were  tha  first  to  radio* 
graphically  establish  the  axistanca  of  a  hexagonal  phase  in 
iron  under  the  affect  of  hydrostatic  pressure. 

.  Balchan  and  Drichamar  C267]  measured  tha  critical 
pressure  for  tha  transition  of  alpha*Fo  into  tha  high*pras* 
sura  phase.  According  to  thair  research  tha  pressure  of  tha 
transition  was  found  to  ba  equal  to  130  kbar  under  these  eon* 
ditions  as  wall,  which  agrees  with  tha  data  found  in  the  ex* 
pariments  on  shock  waves.  At  tha  moment  of  transition  cf*Fa 
•a  £>Fa  a  fourfold  increase  in  electrical  resistance  is  ob* 
served* 

In  reference  C266]  tha  lattice  constants  of  tha  hex* 
agonal  dansaly*paoked  modification  of  iron  ware  found  and 
it  was  shown  that  up  to  300  kbar  at  room  temperature  the 
ratio  c/a  does  not  depend  on  pressure  and  has  a  mean  value 
equal  to  1*603x0.001.  Change  in  the  constant  is  described 
by  the  empirical  formula: 


•(hdp)  • 

The  constant  of  the  boc  lattice  of  iron  varies  as  a 
function  of  pressure  according  to  the  expression 


•(bcc)  «2;88()(1  +  P/275)'^.«». 

The  crystallographic  transition  of  alpha*Fe  into  the 
hexagonal  modification  is  accomplished  first  as  a  result  of 
the  small  change  in  the  interatomic  spacing  in  the  direction 
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<00 1>  o 
in  the 
ratio  c 
for  the 
the  hex 
alpha- I 
in  ot];e 
in  acco 
Increas; 


f  ti-.fi  hcc  lutticn  and  nccondiv  an  a  result  of  the  nhift 
Planes  (110)  in  the  direction  fllo]  or  [IlO].  The 
/a  for  the  hexnronal  donncly-nacked  iron  ir.  lens  than 
ideal  dense  nackinr*  but  the  interatonic  nnacinr  in 
•ironal  donr.elv-nackcd  iron  is  rrenter  than  in  the 
ron.  Tims,  by  such  phase  transition  (as  by  the  t/ay 
r  cases  as  v.'cll)  a  rrowth  In  the  coordination  nurber 
nnanied  by  an  increase  in  the  interatonic  npacinr. 

*  tlie  bcc  lattice 


inr,  the  interatonic  snacinr  o' 


ijeinr  e 
lattice 


duivalont  to  ‘ijQQ2)  bexaronal  dcnselv^nacked 


In  a  nunber  cases  a  correspondence  is  noted  hettreen 
the  critical  pressure  of  the  transition  durinr  static  and  ir- 
nnet  loadinr. , 


Critical  fressure  of  the  rhasc  Transition  in  bis- 


nuth  bv  Varlotja  !!ethodn  of  Trcatncnt 


Bm  «cnwr«iiiill 

(1) 

r.  «Saa  (npa  3S  *C) 

.(5>  _ 

ttsMcaeMNe  yar.ik* 
Moro  O0WN*  a  mo* 
MviiT  npcipauieuaa 

VAipiioe  ntrojMeHm  AMToro  ikmih- 

hpMcraMM  .  (  2,J . 

ywpuoe  iMppyAWHiie  npeAupHTeAUio 
.tC^MHpOliaillKirO  nOAIIKpHCTMAa  (  3 
CtaTHKCKoe  iiarpywciiiie  (q<)  .  . 

# 

25.9±t^ 

1  35,4±0,8 

25.4±0.t 

0.939±0.003 

0.940±0,002 

0,940^:0,001 

(6) 


1. 

2. 


3. 


tests  4« 

Innact  loadinr  of  a  noltcnS, 
polvcrystal  6, 

Innact  loadinr  of  a  predc- 
fortned  polycrystal 


Static  loadinr 
r,  kbar  (at  25®C) 

Chanro  In  specific  yolune 
at  the  nonent  of  the  trans¬ 
ition 


In  -efarence  [268]  this  question  »ar.  investirnted  for 
the  Phase  transition  of  bisnuth.  In  the  opinion  the  author, 
the  non-apreenent  observed  in  a  nunber  of  nanorr.  is  duo  to 
strenr.thcninr  of  the  netals  by  innact  loadinr*  If  the 
strenf theninr  is  taken  into  account,  then  the  amounts  o^  the 
critical  pressure  determined  from  the  dynamic  and  static 
data  arree  rather  vjcll  (Table  32), 


In  spite  of  such  arreonent,  it  Is  difficult  to  sup- 
rest  in  both  cases  that  the  riechanion  of  the  transition  in 
the  same.  It  is  not  clear  hovi  this  nechanicn  ensures  a  hirh 
velocity  of  the  transition  for  a  time  less  than  10“®  sec. 
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Probably  the  shock  V7aves  create  hifh  dinplaccnent  stresses 
which  are  localized  in  the  narrov/  front  of  the  shock  v;avc. 

Quite  interostinr,  results  v/ere  obtained  in  reference 
[26],  where  various  materials  subjected  to  innact  loadinr 
were  investigated  by  the  methods  of  x-ray  structural  analv- 
sis.  In  the  povider-forn  and  molten  sannles  of  nanranese 
and  cobalt  they  detected  a  polymorphous  transformation. 

After  the  impact  effect  an  irreversible  transition  of  the 
powder  of  alpha-ltn  (ctibic  complex  lattice:  a  =  8,9  kX,  58 
atoms  per  cell)  into  beta-Un  (cubic  complex  lattice:  a  *  6,3 
kX,  20  atoms  per  cell)  took  place  and  the  molten  samples  as¬ 
sumed  a  two-phase  structure 

The  original  mixture,  consistinr  of  two  modifications 
of  cobalt,  alpha  (hexaftonal  densely-nacked)  and  beta  (fee) 
with  predominance  of  the  hexaf^onal  densely-packed  nhase  as 
a  result  of  the  imnac.t  effect,  had  a  preater  amount  o^  the 
cubic  nhase,  and  in  the  zone  v;ith  maximal  temperature  and 
pressure  (2000®  K  and  1600  kbar)  the  alnha-nhase  disappeared 
comnletoly. 

Under  ordinary  circumstances  the  sinple-nhase  state 
cf  the  beta-cobalt  can  not  bo  determined  even  with  abrupt 
quenchinir  in  water.  This  ftives  a  basis  for  assuminr  that 
the  polymoi'ohous  transition  observed  durinr  detonation  load- 
inf  is  not  the  result  of  purely  temperature  chanpes,  pener- 
ated  in  the  zone  of  the  shock  v/ave,  but  is  due  to  the  ef¬ 
fect  of  hifh  pressures. 

An  analofous  effect  is  also  observed  on  larpe-scale 
samples:  when  P  a  420  kbar  and  T  a  470®  K,  a  sirnificant 
transition  of  the  of-Co  •^)I-Co  takes  place, 

Ir.  reference  [26]  the  synthesis  of  novzders  in  the 
shock  wave  was  also  studied:  The  composition  of  powders  of 
iron  and  vanadium  of  equiatomic  composition  under  the  in¬ 
fluence  of  Impact  loadinr  converts  to  the.  solid  solution  on 
the  base  of  the  bcc  lattxcc.  The  lattice  constant  of  the 
solid  solution  is  equal  to  2,90  kX,  which  according  to  the 
literature  data,  corresponds  to  a  solid  solution  on  a  base 
of  iron  with  40-50%  (atonic)  vanadium.  Here  no  linos  o^ 
the  (f-phaso,  correspondinr  in  the  riven  system  to  low-tcmn- 
erature  equilibrium,  were  detected. 

In  the  other  composition  of  the  equiatomic  composition 
manrancse-tunrston ,  v/hero  both  components  do  not  interact  un¬ 
der  ordinary  conditions  either  in  the  liquid  or  in  the  solid 
state,  under  the  influence  of  shock  waves  a  solid  solution 
is  *^orr.cd  on  the  base  of  tunrsten  (Tirure  127),  Here  alonr 
with  the  solid  solution  there  are  the  oririnal  connonentn. 
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Evaluation  of  the  lattice  constant  of  the  solid  solution  rives 
a  value  of  a  3.14  kX.  The  decrease  in  the  lattice  constant 
to  0.02  kX  the  authors  believe  to  bo  due  to  the  dissolvlnr  of 
about  20%  (atonic)  Mn. 

(•  . 


Firurc  127.  Interaction  of  nanranesc  and  tunrsten  under  the 
influence  of  a  shock  wave:  a.  radiorran  of  the  nixture  prior 
to  testinri  b.  the  sane,  followinr  testinr;  the  arrov/s  in¬ 
dicate  the  lines  of  the  solid  solution  of  nanruneso  in  the 
tunrsten. 


The  equiatonlc  connosition  in  the  systen  iron-silicon 
corresponds  to  the  chenical  conpound  FeSi  vfhich  is  stable 
fron  roor.  tennerature  to  the  neltinr  points.  X-ray  invest  1- 
ratlon  showed  that  as  a  result  of  d^nanic  loadinr  of  the 
POv;dcrs  of  these  conponents  an  iron  silicide  FoEi  with  a 
cubic  lattice  (F,  -a  «  4.473  kX)  and  a  silicide  v;ith  a  hex¬ 
agonal  prinitive  lattice  (Fj./nnn,  a  =  ?.f>9  kX,  c  -  5.11  kX) 
are  formed.  A  slirht  anount  of  the  oririnal  conponents  in 
retained. 

The  authors  of  f2Gj  studied  also  the  rccrvstallixat ion 
of  the  solid  Phase  under  the  influence  of  shock  waves  in  the 
systen  Fe-Fn,  where  it  is  usually  done  by  the  martensite 
mechanism.  In  this  svsten  it  is  nor.sil>lc  to  produce  tlio  6- 
nhase  as  a  result  of  heat  treatment.  The  authors  ihvestira- 
ted  an  allov  with  24.8%  Hn,  consist inp  of  two  nhar.es  y+f 
(allov  1)  and  a  sinrlc-phase  (’V  alloy  vjith  39.8%  I'n  (alloy 
2).  After  loadinr  by.  t lie  shock  wave  at  a  nressurc  of  800 
and  1600  kbar  in  alloy  1  the  anount  of  the  -Phase  was  in¬ 
creased  and  in  alloy  2  lines  of  the  g -phase  appeared  (Firurc 
128).  Thus,  the  presence  of  a  PhAse  transition  durinr  im¬ 
pact  loadinr  '-'as  confirmed  by  direct  x-ray  structural  inves¬ 
tigation. 
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The  passapc  of  the  shock  v;ave  n  solid  bodies  produces 
.1  v?hole  -scries  of  intorestinf*  effects,  Without  nausinr  to  ex- 
anine  then  in  detail,  let  us  sinnly  look  at  several  of  then. 


Fip.urc  128,  fornation  of  the  -phase  in  an  alloy  of  iron  and 
39,8%  Mn:  a,  radiof.ran  of  the  sample  prior  to  testing; 
b,  sane,  follovrinp  inpact  loadinn* 


Under  the  effect  of  the  shock  waves, invar  and  an  allot' 
of  iron  and  30%  hi,  undergo  a  Phase  transition  of  the  second 
kine  from  the  ferronarnotic  state  to  the  naranapnetic  r200]. 
In  a  nunbcr  of  seni conductors  and  insulators  under  the  ef¬ 
fect  c.  inpact  loads,  the  electrical  conductivity  prows 
aharply.  This  effect  was  observed  at  rather  hiph  quasi¬ 
static  pressures  [2693, 

Shock  waves  nay  alter  the  depree  of  orderinp  of  the 
solid  solution.  In  reference  [2703  the  alloy  Cu^Au  was  in- 

vestipated.  After  rollinp,  recrystallization  at  565^  C,  and 
slow  coollnp  fron  380®  C,  lonp-ranpe  orderinp  was  deternined 
in  the  alloy.  In  this  sane  alloy,  but  a^ter  annealinp  at 
460®  C  for  a  period  of  one  hour  and  quenchinp  in  water,  the 
short-ranpe  order  was  established,  Investipation  of  the 
influence  of  the  shock  wave  on  the  structure  of  the  alloy 
in  the  two  different  orlpinal  states  pernitted  establishinp 
several  laws,  Bepinninp  fron  a  certain  pressure,  a  disorder- 
inp  of  the  alloys  takes  Place  in  both  states.  Thus,  fron  a 
pressure  of  290  kbar  the  electrical  resistance  of  the  ini¬ 
tially  ordered  alloy  prows  sharply.  When  P  >  290  kbar  the 
specific  electrical  resistance  is  decreased  in  the  disordered 
alloy  which  is  also  due  to  the  disruption  in  short-ranpe 
order, 

Intorestinp  r'-’;^  ..ts  have  been  obtained  in  recent  years 
on  the  pulsed  effect  c;  laser  radiation  [2713,  Irradiation 
bv  a  laser  of  a  sanple  oi  technical  iron,  on  the  surface  of 
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which  carbon  wca  deposited •  leads  to  a  broadening  of  the  x-ray 
lines  of  the  alpha-phase  and  to  the  appearance  of  lines  of 
the  ganna-phase* 

Consequently •  under  these  conditions  a  saturation  of 
iron  with  carbon  up  to  oonparatively  high  values  takes  place 
for  a  teine  of  10**«  sec.  After  such  treatment  it  was  possible 
to  metallographically  observe  segments  having  a  eutectic  struc¬ 
ture.  The  hardness  on  the  surface  is  increased  up  to  1400  HV, 
whereas  the  hardness  of  the  irradiated  iron,  which  melts  under 
the  effect  of  the  ray,  is  only  170  HV. 

In  several  oases  after  irradiation  it  was  possible  to 
find  a  martensite  fine-needle  structure  that  is  characteristic 
of  medium-carbon  steel. 

The  greatest  hardness  is  that  of  the  white  layer  form¬ 
ing  on  the  surface  of  the  sample  similar  to  the  layer  of  the 
solid  melt  in  the  high-carbon  steels  and  east  irons.  Prob¬ 
ably  the  saturation  with  carbon  takes  place  basically  in  the 
molten  metal. 
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